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Objetivos

O objetivo principal desta aula é discutir conceitos teóricos adicionais para a 
modelagem de sistemas eletromecânicos. Tais sistemas desempenham papel 
importante no contexto de aplicações tecnológicas nas área de engenharia 
mecânica e mecatrônica. É importante salientar que, para a modelagem de tais 
sistemas, é de fundamental importância observarmos relações multi-físicas de 
acoplamento que servirão de base para o desenvolvimento dos modelos.

Bibliografia:

1 Felício, L. C., Modelagem da Dinâmica de Sistemas e Estudo da Resposta, Rima, 2010
2 Doebelin, E. O., System Dynamics, Modeling, Analysis, Simulation, Design, M. Dekker, 1998
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Acoplamento Resistivo

A idéia aqui é desenvolvermos um modelo de resistência variável (potenciômetro):

//\\
//\\

x(t)
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r – resistividade do material
A – área da secção transversal

- +
i(t)
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eo(t) =
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RT = R1 +R2

<latexit sha1_base64="0DPRHqPtPPdryFHtikvXISufsto=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIglBmSqFuhIIbl7X0Be0wZNK0Dc1khiQj1KFf4saFIm79FHf+jWk7C209cC+Hc+4lNyeIOVPacb6t3Nb2zu5efr9wcHh0XLRPTjsqSiShbRLxSPYCrChngrY105z2YklxGHDaDaZ3C7/7SKVikWjpWUy9EI8FGzGCtZF8u9j0W+gWNX0XXZte8e2SU3aWQJvEzUgJMjR8+2swjEgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL10ePkeXRhmiUSRNCY2W6u+NFIdKzcLATIZYT9S6txD/8/qJHt14KRNxoqkgq4dGCUc6QosU0JBJSjSfGYKJZOZWRCZYYqJNVgUTgrv+5U3SqZTdarn2UC3VnSyOPJzDBVyBCzWowz00oA0EEniGV3iznqwX6936WI3mrGznDP7A+vwBYG2Q6w==</latexit>

eo(t) =
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1

xmax
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x(t)ei(t)
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Potenciômetro Linear

ei(t)� eo(t)
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338 Electromechanical 

Hi.3 Potentiometer used to measure the orientation of a rotor. 

The rotary shown i.n Figure 10.3 has a constant voltage E across its fixed 
terminals. The wiper, which divides the total potentiometer resistance Rr into Ri and 
is attached to a rotor that has an angular displacement If the resistance per unit length 
ofthe potentiometer is constant, = [Rr /BmaxJO(t) and + = Rr. 

Equation (2) remains valid when these are used for Rz and Rr and when 
e;(t) is replaced by E. Thus 

The output terminals of a potentiometer are frequently connected to some electrical com-
ponent, such as an amplifier, voltmeter, or recording device. The loading effect of such a 
component can often be represented by an external resistor R0 connected across the output 
of the potentiometer. This is shown in Figure l0.4for the case of a potentiometer, al-
though the discussion applies equally wen to a translational one. Equation (2) is no longer 
valid, because R 1 and Rz are no longer in series. we cannot use and and the 
simple relationship between e0 and the mechanical displacement has been destroyed. In 
such a case, we say that loads the potentiometer. 

In order to avoid the loading effect and in order to use the simple potentiometer char-
acterizations in and we can try to very large to an possible values 

+ 
R,(8) 

E.= 
+ 

R,(0) Ro l?o 

-::' 

ei(t)
eo(t) =

✓
1

✓max

◆
✓(t)ei(t)
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Potenciômetro Angular :

Acoplamento Resistivo

R2 =

✓
RT

✓max

◆
✓(t)
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RT = R1 +R2

<latexit sha1_base64="0DPRHqPtPPdryFHtikvXISufsto=">AAAB+HicbVDLSgMxFL1TX7U+OurSTbAIglBmSqFuhIIbl7X0Be0wZNK0Dc1khiQj1KFf4saFIm79FHf+jWk7C209cC+Hc+4lNyeIOVPacb6t3Nb2zu5efr9wcHh0XLRPTjsqSiShbRLxSPYCrChngrY105z2YklxGHDaDaZ3C7/7SKVikWjpWUy9EI8FGzGCtZF8u9j0W+gWNX0XXZte8e2SU3aWQJvEzUgJMjR8+2swjEgSUqEJx0r1XSfWXoqlZoTTeWGQKBpjMsVj2jdU4JAqL10ePkeXRhmiUSRNCY2W6u+NFIdKzcLATIZYT9S6txD/8/qJHt14KRNxoqkgq4dGCUc6QosU0JBJSjSfGYKJZOZWRCZYYqJNVgUTgrv+5U3SqZTdarn2UC3VnSyOPJzDBVyBCzWowz00oA0EEniGV3iznqwX6936WI3mrGznDP7A+vwBYG2Q6w==</latexit>

Obs: Sobre o effeito de carga:
+

-

R1(x)

ei

R2(x)

+

-

eoRox(t)

A medição de eo(t) se faz conectando-se 
um instrumento ao circuito.  Para que a 
relação entre eo e x(t) continue válida
devemos ter R0 >> RT !  



6
Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves

Acoplamento Magnético

Motivação: Grande parte de sistemas eletromecânicos contém condutores elétricos
que deslocam-se em campos magnéticos e, em decorrência, tensões induzidas e 
forças mecânicas surgem devido às interações (acoplamento) entre os meios elétrico,
magnético e mecânico.

Lei de Faraday-Lenz: A variação temporal de um campo magnético gera um campo 
elétrico associado.

Faraday’s Law of Induction 

10.1 Faraday’s Law of Induction 

The electric fields and magnetic fields considered up to now have been produced by 
stationary charges and moving charges (currents), respectively. Imposing an electric field 
on a conductor gives rise to a current which in turn generates a magnetic field. One could 
then inquire whether or not an electric field could be produced by a magnetic field. In 
1831, Michael Faraday discovered that, by varying magnetic field with time, an electric 
field could be generated. The phenomenon is known as electromagnetic induction. Figure 
10.1.1 illustrates one of Faraday’s experiments. 

Figure 10.1.1 Electromagnetic induction 

Faraday showed that no current is registered in the galvanometer when bar magnet is 
stationary with respect to the loop. However, a current is induced in the loop when a 
relative motion exists between the bar magnet and the loop. In particular, the 
galvanometer deflects in one direction as the magnet approaches the loop, and the 
opposite direction as it moves away. 

Faraday’s experiment demonstrates that an electric current is induced in the loop by 
changing the magnetic field. The coil behaves as if it were connected to an emf source. 
Experimentally it is found that the induced emf depends on the rate of change of 
magnetic flux through the coil.  
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efem = �d�B
dt
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10.1.1 Magnetic Flux 

Consider a uniform magnetic field passing through a surface S, as shown in Figure 10.1.2 
below: 

Figure 10.1.2 Magnetic flux through a surface 

r 
Let the area vector be A = An̂ , where A is the area of the surface and n̂ its unit normal. 
The magnetic flux through the surface is given by 

r r 
Φ =  ⋅ BAcosB A  = θ (0.1.1)B 

r
where θ is the angle between B and n̂ . If the field is non-uniform, ΦB  then becomes 

r r 
Φ =  ⋅d (0.1.2)∫∫B AB 

S 

The SI unit of magnetic flux is the weber (Wb): 

1 Wb =1 T m 2⋅ 

Faraday’s law of induction may be stated as follows: 

The induced emf ε in a coil is proportional to the negative of the rate of change of 
magnetic flux: 

ε = − dΦB (0.1.3)
dt 

For a coil that consists of N loops, the total induced emf would be N times as large: 

ε = −N dΦB (0.1.4)
dt 

r 
Combining Eqs. (10.1.3) and (10.1.1), we obtain, for a spatially uniform field B , 

10-3 

Cont. …

Fluxo Magnético:

Tensão Induzida:

N – No voltas
da bobina

�B = ~B · ~A = BAcos✓
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Campo Magnético Uniforme:

Faraday

Lenz Fluxo Magnético
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Condutor percorrido corrente elétrica e imerso em
um campo magnético sofre a ação de uma força de 
natureza magnética

we have qvB = qE , or E = vB . Between the two ends of the conductor, there exists a 
potential difference given by 

Vab Va Vb = ε = El  = −  = Blv  (0.2.1) 

Sinceε arises from the motion of the conductor, this potential difference is called the 
motional emf. In general, motional emf around a closed conducting loop can be written as 

= Ñ(
r × 

r
) ⋅d 

r 
sε ∫ v B  (0.2.2) 

where d s 
r 

is a differential length element.  

Now suppose the conducting bar moves through a region of uniform magnetic field 
B 
r 

= −Bk̂ (pointing into the page) by sliding along two frictionless conducting rails that 
are at a distance l apart and connected together by a resistor with resistance R, as shown 
in Figure 10.2.2. 

Figure 10.2.2 A conducting bar sliding along two conducting rails 

r 
Let an external force Fext be applied so that the conductor moves to the right with a 

constant velocity v r = v î . The magnetic flux through the closed loop formed by the bar 
and the rails is given by 

Φ = BA Blx  (0.2.3)=B

Thus, according to Faraday’s law, the induced emf is 

ε = − dΦB = − d 
(Blx) = −Bl 

dx  = −Blv (0.2.4)
dt dt dt 

where dx dt / = v  is simply the speed of the bar. The corresponding induced current is 

ε
I = | |  = Blv 

(0.2.5)
R R 

10-8 

Para um condutor em movimento perpendicular a 
um campo magnético surge uma tensão induzida

Cont. …

�B = BA = Blx

<latexit sha1_base64="TN/XSd/PxxcWLgDYQZYx0aSGDs8=">AAACHXicbVDLSsNAFJ3UV62vqEs3g0VwVRIp1o1QdeOygn1AE8JkOmmHTiZhZiKWkB9x46+4caGICzfi3zhps6itBwbOPede5t7jx4xKZVk/RmlldW19o7xZ2dre2d0z9w86MkoEJm0csUj0fCQJo5y0FVWM9GJBUOgz0vXHN7nffSBC0ojfq0lM3BANOQ0oRkpLnll3WiPqpU6I1Agjll5nGbyEcyW8WqgZfPTMqlWzpoDLxC5IFRRoeeaXM4hwEhKuMENS9m0rVm6KhKKYkaziJJLECI/RkPQ15Sgk0k2n12XwRCsDGERCP67gVJ2fSFEo5ST0dWe+plz0cvE/r5+o4MJNKY8TRTiefRQkDKoI5lHBARUEKzbRBGFB9a4Qj5BAWOlAKzoEe/HkZdI5q9n1WuOuXm2eF3GUwRE4BqfABg3QBLegBdoAgyfwAt7Au/FsvBofxuestWQUM4fgD4zvXzoMoVQ=</latexit>

efem =
d�B
dt

= � d

dt
(Blx) = �Bl dx

dt
= �Blv
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9
Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves



10
Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves

SEM 0533 – Modelagem e Simulação de Sistemas Dinâmicos I
SEM 0232 – Modelos Dinâmicos

UNIVERSIDADE DE SÃO PAULO
ESCOLA DE ENGENHARIA DE SÃO CARLOS

DEPARTAMENTO DE ENGENHARIA MECÂNICA

Modelagem de Sistemas Eletromecânicos
Exemplo: O Galvanômetro



11
Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves

//\\ //\\

+

-

q 
R

ei N S

IMÃ PERMANENTE

cilindro
fixo

mola
torsional

Exemplo: O Galvanômetro

Sistema eletromecânico para detecção de uma corrente elétrica

de: Wiki

de: Wiki



12
Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves

P
R

O
B

L
E

M
S

89

1
.6
*

D
e
v
e
l
o
p
 
a
 
m

a
t
h
e
m

a
t
i
c
a
l
 
m

o
d
e
l
 
f
o
r
 
t
h
e
 
t
r
a
c
t
o
r
 
a
n
d
 
p
l
o
w

 
s
h
o
w

n
 
i
n
 
F
i
g
. 
1
.6

6
b
y
 
c
o
n
s
i
d
e
r
i
n
g

t
h
e
 m

a
s
s
, 
e
l
a
s
t
i
c
i
t
y
, 
a
n
d
 d

a
m

p
i
n
g
 o

f
 t
h
e
 t
i
r
e
s
, 
s
h
o
c
k
 a

b
s
o
r
b
e
r
s
, 
a
n
d
 p

l
o
w

s
 (
b
l
a
d
e
s
)
.

S
h
o
c
k
 a

b
so

rb
e
r

P
lo

w

F
IG

U
R

E
 1

.6
6

A
 
t
r
a
c
t
o
r
 
a
n
d
 
p
l
o
w

.

S
ec

ti
on

 1
.7

 S
pr

in
g 

E
le

m
en

ts

1
.7

D
e
t
e
r
m

i
n
e
 t
h
e
 e

q
u
iv

a
l
e
n
t
 s

p
r
i
n
g
 c

o
n
s
t
a
n
t
 o

f
 t
h
e
 s

y
s
t
e
m

 s
h
o
w

n
 i
n
 F

i
g
. 
1
.6

7
.

k
4

k
5

k
3

k
3

k
2

k
1

k
1

F
IG

U
R

E
 1

.6
7

S
p
r
i
n
g
s
 
i
n

s
e
r
i
e
s
-
p
a
r
a
l
l
e
l
.

1
.8

C
o
n
s
i
d
e
r
 a

 s
y
s
t
e
m

 o
f
 t
w

o
 s

p
r
i
n
g
s
, 
w

i
t
h
 s

t
i
f
f
n
e
s
s
e
s
 

a
n
d
 

a
r
r
a
n
g
e
d
 i
n
 p

a
r
a
l
l
e
l
 a

s
 s

h
o
w

n
 i
n

F
i
g
. 
1
.6

8
. 
T
h
e
 r
i
g
i
d
 b

a
r
 t
o
 w

h
i
c
h
 t
h
e
 t
w

o
 s

p
r
i
n
g
s
 a

r
e
 c

o
n
n
e
c
t
e
d
 r
e
m

a
i
n
s
 h

o
r
i
z
o
n
t
a
l
 w

h
e
n
 t
h
e

k
2,

k
1

M
0
1
_
R
A
O
8
1
9
3
_
0
5
_
S
E
_
C
0
1
.
Q
X
D
 
 
8
/
2
1
/
1
0
 
 
2
:
0
6
 
P
M
 
 
P
a
g
e
 
8
9

///

\\\

///

\\\

_

+

_

+

Te
qo

k

J

B

R L
ei em

bobina

i

em = (2NBla)✓̇o
<latexit sha1_base64="SWTbv+kowNuQDZLRsZ2uv7+viqA=">AAACDHicbVDLSgNBEJz1GeMr6tHLYhDiJeyGgF6EoBdPEsE8IAmhd9JJhsw+mOkVwpIP8OKvePGgiFc/wJt/42ySgyYWDBTV1T3d5UVSaHKcb2tldW19YzOzld3e2d3bzx0c1nUYK441HspQNT3QKEWANRIksRkpBN+T2PBG12m98YBKizC4p3GEHR8GgegLDmSkbi6PXf+yULpt+0BDDjK5mkg4a/dCSto0RIJJNzQup+hMYS8Td07ybI5qN/dlBvDYx4C4BK1brhNRJwFFgkucZNuxxgj4CAbYMjQAH3UnmR4zsU+N0rP7oTIvIHuq/u5IwNd67HvGme6sF2up+F+tFVP/opOIIIoJAz77qB9Lm0I7TcbuCYWc5NgQ4EqYXW0+BAWcTH5ZE4K7ePIyqZeKrlN078r5SnkeR4YdsxNWYC47ZxV2w6qsxjh7ZM/slb1ZT9aL9W59zKwr1rzniP2B9fkDobibUg==</latexit><latexit sha1_base64="SWTbv+kowNuQDZLRsZ2uv7+viqA=">AAACDHicbVDLSgNBEJz1GeMr6tHLYhDiJeyGgF6EoBdPEsE8IAmhd9JJhsw+mOkVwpIP8OKvePGgiFc/wJt/42ySgyYWDBTV1T3d5UVSaHKcb2tldW19YzOzld3e2d3bzx0c1nUYK441HspQNT3QKEWANRIksRkpBN+T2PBG12m98YBKizC4p3GEHR8GgegLDmSkbi6PXf+yULpt+0BDDjK5mkg4a/dCSto0RIJJNzQup+hMYS8Td07ybI5qN/dlBvDYx4C4BK1brhNRJwFFgkucZNuxxgj4CAbYMjQAH3UnmR4zsU+N0rP7oTIvIHuq/u5IwNd67HvGme6sF2up+F+tFVP/opOIIIoJAz77qB9Lm0I7TcbuCYWc5NgQ4EqYXW0+BAWcTH5ZE4K7ePIyqZeKrlN078r5SnkeR4YdsxNWYC47ZxV2w6qsxjh7ZM/slb1ZT9aL9W59zKwr1rzniP2B9fkDobibUg==</latexit><latexit sha1_base64="SWTbv+kowNuQDZLRsZ2uv7+viqA=">AAACDHicbVDLSgNBEJz1GeMr6tHLYhDiJeyGgF6EoBdPEsE8IAmhd9JJhsw+mOkVwpIP8OKvePGgiFc/wJt/42ySgyYWDBTV1T3d5UVSaHKcb2tldW19YzOzld3e2d3bzx0c1nUYK441HspQNT3QKEWANRIksRkpBN+T2PBG12m98YBKizC4p3GEHR8GgegLDmSkbi6PXf+yULpt+0BDDjK5mkg4a/dCSto0RIJJNzQup+hMYS8Td07ybI5qN/dlBvDYx4C4BK1brhNRJwFFgkucZNuxxgj4CAbYMjQAH3UnmR4zsU+N0rP7oTIvIHuq/u5IwNd67HvGme6sF2up+F+tFVP/opOIIIoJAz77qB9Lm0I7TcbuCYWc5NgQ4EqYXW0+BAWcTH5ZE4K7ePIyqZeKrlN078r5SnkeR4YdsxNWYC47ZxV2w6qsxjh7ZM/slb1ZT9aL9W59zKwr1rzniP2B9fkDobibUg==</latexit><latexit sha1_base64="SWTbv+kowNuQDZLRsZ2uv7+viqA=">AAACDHicbVDLSgNBEJz1GeMr6tHLYhDiJeyGgF6EoBdPEsE8IAmhd9JJhsw+mOkVwpIP8OKvePGgiFc/wJt/42ySgyYWDBTV1T3d5UVSaHKcb2tldW19YzOzld3e2d3bzx0c1nUYK441HspQNT3QKEWANRIksRkpBN+T2PBG12m98YBKizC4p3GEHR8GgegLDmSkbi6PXf+yULpt+0BDDjK5mkg4a/dCSto0RIJJNzQup+hMYS8Td07ybI5qN/dlBvDYx4C4BK1brhNRJwFFgkucZNuxxgj4CAbYMjQAH3UnmR4zsU+N0rP7oTIvIHuq/u5IwNd67HvGme6sF2up+F+tFVP/opOIIIoJAz77qB9Lm0I7TcbuCYWc5NgQ4EqYXW0+BAWcTH5ZE4K7ePIyqZeKrlN078r5SnkeR4YdsxNWYC47ZxV2w6qsxjh7ZM/slb1ZT9aL9W59zKwr1rzniP2B9fkDobibUg==</latexit>

�ei +Ri+ L
di

dt
+ em = 0

<latexit sha1_base64="Vlfv2C91btu6qVkqrCzB57xCoCE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQxJIUQTdCwY0LF1XsA9oQJpObdujkwcxEKCE/4MZfceNCEbfu3fk3TtoutHrgXg7n3MvMPV7CmVSW9WWUFhaXllfKq5W19Y3NLXN7py3jVFBo0ZjHousRCZxF0FJMcegmAkjoceh4o8vC79yDkCyO7tQ4ASckg4gFjBKlJdc8OAGX4WN8W7TrfiAIzXyWZ77KtQBuiC+w5ZpVq2ZNgP8Se0aqaIama372/ZimIUSKciJlz7YS5WREKEY55JV+KiEhdEQG0NM0IiFIJ5tck+NDrfg4iIWuSOGJ+nMjI6GU49DTkyFRQznvFeJ/Xi9VwbmTsShJFUR0+lCQcqxiXESDfSaAKj7WhFDB9F8xHRKdiNIBVnQI9vzJf0m7XrOtmn1zWm3UZ3GU0R7aR0fIRmeoga5QE7UQRQ/oCb2gV+PReDbejPfpaMmY7eyiXzA+vgE3P5kQ</latexit><latexit sha1_base64="Vlfv2C91btu6qVkqrCzB57xCoCE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQxJIUQTdCwY0LF1XsA9oQJpObdujkwcxEKCE/4MZfceNCEbfu3fk3TtoutHrgXg7n3MvMPV7CmVSW9WWUFhaXllfKq5W19Y3NLXN7py3jVFBo0ZjHousRCZxF0FJMcegmAkjoceh4o8vC79yDkCyO7tQ4ASckg4gFjBKlJdc8OAGX4WN8W7TrfiAIzXyWZ77KtQBuiC+w5ZpVq2ZNgP8Se0aqaIama372/ZimIUSKciJlz7YS5WREKEY55JV+KiEhdEQG0NM0IiFIJ5tck+NDrfg4iIWuSOGJ+nMjI6GU49DTkyFRQznvFeJ/Xi9VwbmTsShJFUR0+lCQcqxiXESDfSaAKj7WhFDB9F8xHRKdiNIBVnQI9vzJf0m7XrOtmn1zWm3UZ3GU0R7aR0fIRmeoga5QE7UQRQ/oCb2gV+PReDbejPfpaMmY7eyiXzA+vgE3P5kQ</latexit><latexit sha1_base64="Vlfv2C91btu6qVkqrCzB57xCoCE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQxJIUQTdCwY0LF1XsA9oQJpObdujkwcxEKCE/4MZfceNCEbfu3fk3TtoutHrgXg7n3MvMPV7CmVSW9WWUFhaXllfKq5W19Y3NLXN7py3jVFBo0ZjHousRCZxF0FJMcegmAkjoceh4o8vC79yDkCyO7tQ4ASckg4gFjBKlJdc8OAGX4WN8W7TrfiAIzXyWZ77KtQBuiC+w5ZpVq2ZNgP8Se0aqaIama372/ZimIUSKciJlz7YS5WREKEY55JV+KiEhdEQG0NM0IiFIJ5tck+NDrfg4iIWuSOGJ+nMjI6GU49DTkyFRQznvFeJ/Xi9VwbmTsShJFUR0+lCQcqxiXESDfSaAKj7WhFDB9F8xHRKdiNIBVnQI9vzJf0m7XrOtmn1zWm3UZ3GU0R7aR0fIRmeoga5QE7UQRQ/oCb2gV+PReDbejPfpaMmY7eyiXzA+vgE3P5kQ</latexit><latexit sha1_base64="Vlfv2C91btu6qVkqrCzB57xCoCE=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1UQxJIUQTdCwY0LF1XsA9oQJpObdujkwcxEKCE/4MZfceNCEbfu3fk3TtoutHrgXg7n3MvMPV7CmVSW9WWUFhaXllfKq5W19Y3NLXN7py3jVFBo0ZjHousRCZxF0FJMcegmAkjoceh4o8vC79yDkCyO7tQ4ASckg4gFjBKlJdc8OAGX4WN8W7TrfiAIzXyWZ77KtQBuiC+w5ZpVq2ZNgP8Se0aqaIama372/ZimIUSKciJlz7YS5WREKEY55JV+KiEhdEQG0NM0IiFIJ5tck+NDrfg4iIWuSOGJ+nMjI6GU49DTkyFRQznvFeJ/Xi9VwbmTsShJFUR0+lCQcqxiXESDfSaAKj7WhFDB9F8xHRKdiNIBVnQI9vzJf0m7XrOtmn1zWm3UZ3GU0R7aR0fIRmeoga5QE7UQRQ/oCb2gV+PReDbejPfpaMmY7eyiXzA+vgE3P5kQ</latexit>

L
di

dt
+Ri+ (2NBla)✓̇o = ei(t)

<latexit sha1_base64="XClA93gMW5TGDD97Od6x9NrRp20="></latexit><latexit sha1_base64="XClA93gMW5TGDD97Od6x9NrRp20="></latexit><latexit sha1_base64="XClA93gMW5TGDD97Od6x9NrRp20="></latexit><latexit sha1_base64="XClA93gMW5TGDD97Od6x9NrRp20="></latexit>

J
d2✓o
dt2

+B
d✓o
dt

+ k✓o = (2NBla)i
<latexit sha1_base64="hhQzUWoAuo18b6vg9w9cNwSmUrI="></latexit><latexit sha1_base64="hhQzUWoAuo18b6vg9w9cNwSmUrI="></latexit><latexit sha1_base64="hhQzUWoAuo18b6vg9w9cNwSmUrI="></latexit><latexit sha1_base64="hhQzUWoAuo18b6vg9w9cNwSmUrI="></latexit>

X

I

eI = 0
<latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit>

X

J

~T = J
d2 ~✓o
dt2

<latexit sha1_base64="QIjjk8hoB/dcGM7il02lDd1Xs4w="></latexit><latexit sha1_base64="QIjjk8hoB/dcGM7il02lDd1Xs4w="></latexit><latexit sha1_base64="QIjjk8hoB/dcGM7il02lDd1Xs4w="></latexit><latexit sha1_base64="QIjjk8hoB/dcGM7il02lDd1Xs4w="></latexit>

a

Cont. ...

Acoplamento

Elétrico

Mecânico

I

Te = (2NBla)i

<latexit sha1_base64="9tEkbJCJnnrGTrj4uJ2Nrcuixyg=">AAACAXicbVDLSgNBEJyNrxhfq14EL4NBiJewGwLxIgS9eJIIeUGyLL2TSTJk9sHMrBCWePFXvHhQxKt/4c2/cTbZgyYWNBRV3XR3eRFnUlnWt5FbW9/Y3MpvF3Z29/YPzMOjtgxjQWiLhDwUXQ8k5SygLcUUp91IUPA9Tjve5Cb1Ow9USBYGTTWNqOPDKGBDRkBpyTVPmi7FV7hUuev7oMYEeHI943DBXLNola058CqxM1JEGRqu+dUfhCT2aaAIByl7thUpJwGhGOF0VujHkkZAJjCiPU0D8Kl0kvkHM3yulQEehkJXoPBc/T2RgC/l1Pd0Z3qmXPZS8T+vF6vhpZOwIIoVDchi0TDmWIU4jQMPmKBE8akmQATTt2IyBgFE6dAKOgR7+eVV0q6U7Wq5dl8t1qtZHHl0is5QCdmohuroFjVQCxH0iJ7RK3oznowX4934WLTmjGzmGP2B8fkDg1CVow==</latexit>

Te �B✓̇o � k✓o = J ✓̈o

<latexit sha1_base64="nhYa1192a3ZSO+8HSyv+P49wJUU=">AAACHnicbVDJSgNBEO1xjXEb9eilMQheDDMSiRch6EU8RcgGSRh6OpWkSc9Cd40QhnyJF3/FiwdFBE/6N3aWg0l80PDqvSqq6/mxFBod58daWV1b39jMbGW3d3b39u2Dw5qOEsWhyiMZqYbPNEgRQhUFSmjECljgS6j7g9uxX38EpUUUVnAYQztgvVB0BWdoJM++rHhAz+lNqxNh2sI+IBt5kVEG08Lwa3pPW50537NzTt6ZgC4Td0ZyZIayZ3+ZBTwJIEQumdZN14mxnTKFgksYZVuJhpjxAetB09CQBaDb6eS8ET01Sod2I2VeiHSi/p1IWaD1MPBNZ8Cwrxe9sfif10ywe9VORRgnCCGfLuomkmJEx1nRjlDAUQ4NYVwJ81fK+0wxjibRrAnBXTx5mdQu8m4hX3wo5EqFWRwZckxOyBlxSZGUyB0pkyrh5Im8kDfybj1br9aH9TltXbFmM0dkDtb3L6p6oZk=</latexit>
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Cont. ...

Aplicando a T. L. às equações temos: 

�
Js2 +Bs+ k

�
⇥o(s) = keI(s)

<latexit sha1_base64="MJI4QJW3Em9o1C5/mARl+UHd9dY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRahItSZUtCNUHSjrir0InTqkEnPtKGZC8kZoZQ+hhtfxY0LRdx259uYXhbeDiR8/P85JOf3Eyk02vantbC4tLyymlnLrm9sbm3ndnYbOk4VhzqPZazufKZBigjqKFDCXaKAhb6Ept+/nPjNB1BaxFENBwm0Q9aNRCA4QyN5uRNXQoCFG31fosf0Qpur7yrR7eGRW+sBMi8u6CN6TvseXBvycnm7aE+L/gVnDnkyr6qXG7udmKchRMgl07rl2Am2h0yh4BJGWTfVkDDeZ11oGYxYCLo9nC42oodG6dAgVuZESKfq94khC7UehL7pDBn29G9vIv7ntVIMztpDESUpQsRnDwWppBjTSUq0IxRwlAMDjCth/kp5jynG0WSZNSE4v1f+C41S0bGLzm05XynP48iQfXJACsQhp6RCrkiV1Aknj+SZvJI368l6sd6tj1nrgjWf2SM/yhp/Ae67nSU=</latexit><latexit sha1_base64="MJI4QJW3Em9o1C5/mARl+UHd9dY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRahItSZUtCNUHSjrir0InTqkEnPtKGZC8kZoZQ+hhtfxY0LRdx259uYXhbeDiR8/P85JOf3Eyk02vantbC4tLyymlnLrm9sbm3ndnYbOk4VhzqPZazufKZBigjqKFDCXaKAhb6Ept+/nPjNB1BaxFENBwm0Q9aNRCA4QyN5uRNXQoCFG31fosf0Qpur7yrR7eGRW+sBMi8u6CN6TvseXBvycnm7aE+L/gVnDnkyr6qXG7udmKchRMgl07rl2Am2h0yh4BJGWTfVkDDeZ11oGYxYCLo9nC42oodG6dAgVuZESKfq94khC7UehL7pDBn29G9vIv7ntVIMztpDESUpQsRnDwWppBjTSUq0IxRwlAMDjCth/kp5jynG0WSZNSE4v1f+C41S0bGLzm05XynP48iQfXJACsQhp6RCrkiV1Aknj+SZvJI368l6sd6tj1nrgjWf2SM/yhp/Ae67nSU=</latexit><latexit sha1_base64="MJI4QJW3Em9o1C5/mARl+UHd9dY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRahItSZUtCNUHSjrir0InTqkEnPtKGZC8kZoZQ+hhtfxY0LRdx259uYXhbeDiR8/P85JOf3Eyk02vantbC4tLyymlnLrm9sbm3ndnYbOk4VhzqPZazufKZBigjqKFDCXaKAhb6Ept+/nPjNB1BaxFENBwm0Q9aNRCA4QyN5uRNXQoCFG31fosf0Qpur7yrR7eGRW+sBMi8u6CN6TvseXBvycnm7aE+L/gVnDnkyr6qXG7udmKchRMgl07rl2Am2h0yh4BJGWTfVkDDeZ11oGYxYCLo9nC42oodG6dAgVuZESKfq94khC7UehL7pDBn29G9vIv7ntVIMztpDESUpQsRnDwWppBjTSUq0IxRwlAMDjCth/kp5jynG0WSZNSE4v1f+C41S0bGLzm05XynP48iQfXJACsQhp6RCrkiV1Aknj+SZvJI368l6sd6tj1nrgjWf2SM/yhp/Ae67nSU=</latexit><latexit sha1_base64="MJI4QJW3Em9o1C5/mARl+UHd9dY=">AAACGHicbZDLSgMxFIYzXmu9VV26CRahItSZUtCNUHSjrir0InTqkEnPtKGZC8kZoZQ+hhtfxY0LRdx259uYXhbeDiR8/P85JOf3Eyk02vantbC4tLyymlnLrm9sbm3ndnYbOk4VhzqPZazufKZBigjqKFDCXaKAhb6Ept+/nPjNB1BaxFENBwm0Q9aNRCA4QyN5uRNXQoCFG31fosf0Qpur7yrR7eGRW+sBMi8u6CN6TvseXBvycnm7aE+L/gVnDnkyr6qXG7udmKchRMgl07rl2Am2h0yh4BJGWTfVkDDeZ11oGYxYCLo9nC42oodG6dAgVuZESKfq94khC7UehL7pDBn29G9vIv7ntVIMztpDESUpQsRnDwWppBjTSUq0IxRwlAMDjCth/kp5jynG0WSZNSE4v1f+C41S0bGLzm05XynP48iQfXJACsQhp6RCrkiV1Aknj+SZvJI368l6sd6tj1nrgjWf2SM/yhp/Ae67nSU=</latexit>

⇥o(s)

Ei(s)
=

k2
e

Rk
JL
Rk s

4 + BL
Rk s

3 + 1
Rk (JR+ JL)s2 + 1

Rk (BR+ k2e)s+ 1
<latexit sha1_base64="A6TjiZ+C2QBAAfvgI4BFfCI7YdQ="></latexit><latexit sha1_base64="A6TjiZ+C2QBAAfvgI4BFfCI7YdQ="></latexit><latexit sha1_base64="A6TjiZ+C2QBAAfvgI4BFfCI7YdQ="></latexit><latexit sha1_base64="A6TjiZ+C2QBAAfvgI4BFfCI7YdQ="></latexit>

Substituindo I(s) na primeira equação temos a F.T. relacionando Qo(s) a Ei(s)

e, se os efeitos indutivos forem desprezados

⇥o(s)

Ei(s)
=

k2
e

Rk
J
k s

2 + (Bk + k2
e

Rk )s+ 1
<latexit sha1_base64="EnfSVNjPjROXHaT9Z6/nXVwjSPY="></latexit><latexit sha1_base64="EnfSVNjPjROXHaT9Z6/nXVwjSPY="></latexit><latexit sha1_base64="EnfSVNjPjROXHaT9Z6/nXVwjSPY="></latexit><latexit sha1_base64="EnfSVNjPjROXHaT9Z6/nXVwjSPY="></latexit>

L ⇡ 0
<latexit sha1_base64="/rk9KUqZ75VGSf9Bv9lZRYb1BR8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPBiwcPFewHbJeSTbNtaDYJSVYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyvOjPX9b29tfWNza7u0U97d2z84rBwdt43MNKEtIrnU3RgbypmgLcssp12lKU5jTjvx+Gbmdx6pNkyKBztRNErxULCEEWydFN6hHlZKyyfk9ytVv+bPgVZJUJAqFGj2K1+9gSRZSoUlHBsTBr6yUY61ZYTTabmXGaowGeMhDR0VOKUmyucnT9G5UwYokdqVsGiu/p7IcWrMJI1dZ4rtyCx7M/E/L8xsch3lTKjMUkEWi5KMIyvR7H80YJoSyyeOYKKZuxWREdaYWJdS2YUQLL+8Str1WuDXgvvLaqNexFGCUziDCwjgChpwC01oAQEJz/AKb571Xrx372PRuuYVMyfwB97nD0mQkIo=</latexit><latexit sha1_base64="/rk9KUqZ75VGSf9Bv9lZRYb1BR8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPBiwcPFewHbJeSTbNtaDYJSVYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyvOjPX9b29tfWNza7u0U97d2z84rBwdt43MNKEtIrnU3RgbypmgLcssp12lKU5jTjvx+Gbmdx6pNkyKBztRNErxULCEEWydFN6hHlZKyyfk9ytVv+bPgVZJUJAqFGj2K1+9gSRZSoUlHBsTBr6yUY61ZYTTabmXGaowGeMhDR0VOKUmyucnT9G5UwYokdqVsGiu/p7IcWrMJI1dZ4rtyCx7M/E/L8xsch3lTKjMUkEWi5KMIyvR7H80YJoSyyeOYKKZuxWREdaYWJdS2YUQLL+8Str1WuDXgvvLaqNexFGCUziDCwjgChpwC01oAQEJz/AKb571Xrx372PRuuYVMyfwB97nD0mQkIo=</latexit><latexit sha1_base64="/rk9KUqZ75VGSf9Bv9lZRYb1BR8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPBiwcPFewHbJeSTbNtaDYJSVYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyvOjPX9b29tfWNza7u0U97d2z84rBwdt43MNKEtIrnU3RgbypmgLcssp12lKU5jTjvx+Gbmdx6pNkyKBztRNErxULCEEWydFN6hHlZKyyfk9ytVv+bPgVZJUJAqFGj2K1+9gSRZSoUlHBsTBr6yUY61ZYTTabmXGaowGeMhDR0VOKUmyucnT9G5UwYokdqVsGiu/p7IcWrMJI1dZ4rtyCx7M/E/L8xsch3lTKjMUkEWi5KMIyvR7H80YJoSyyeOYKKZuxWREdaYWJdS2YUQLL+8Str1WuDXgvvLaqNexFGCUziDCwjgChpwC01oAQEJz/AKb571Xrx372PRuuYVMyfwB97nD0mQkIo=</latexit><latexit sha1_base64="/rk9KUqZ75VGSf9Bv9lZRYb1BR8=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSJ4KrtF0GPBiwcPFewHbJeSTbNtaDYJSVYsS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyvOjPX9b29tfWNza7u0U97d2z84rBwdt43MNKEtIrnU3RgbypmgLcssp12lKU5jTjvx+Gbmdx6pNkyKBztRNErxULCEEWydFN6hHlZKyyfk9ytVv+bPgVZJUJAqFGj2K1+9gSRZSoUlHBsTBr6yUY61ZYTTabmXGaowGeMhDR0VOKUmyucnT9G5UwYokdqVsGiu/p7IcWrMJI1dZ4rtyCx7M/E/L8xsch3lTKjMUkEWi5KMIyvR7H80YJoSyyeOYKKZuxWREdaYWJdS2YUQLL+8Str1WuDXgvvLaqNexFGCUziDCwjgChpwC01oAQEJz/AKb571Xrx372PRuuYVMyfwB97nD0mQkIo=</latexit>

ke = 2NBla
<latexit sha1_base64="6AHAA5rRoYZtmBTrdC8WDbjx3pc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSloBuh6MaVVLAPaEOYTG/aoZNJmJkIJRT8FTcuFHHrd7jzb5y0WWjrgYHDOfdyz5wg4Uxpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRSaNGYx7IbEAWcCWhppjl0EwkkCjh0gvFN7nceQSoWiwc9ScCLyFCwkFGijeTbx2Mf8BWu3fUjokeU8Ox6yolvV5yqMwNeJm5BKqhA07e/+oOYphEITTlRquc6ifYyIjWjHKblfqogIXRMhtAzVJAIlJfN4k/xmVEGOIyleULjmfp7IyORUpMoMJN5SLXo5eJ/Xi/V4aWXMZGkGgSdHwpTjnWM8y7wgEmgmk8MIVQykxXTEZGEatNY2ZTgLn55mbRrVdepuvf1SqNe1FFCJ+gUnSMXXaAGukVN1EIUZegZvaI368l6sd6tj/noilXsHKE/sD5/AAg0lNg=</latexit><latexit sha1_base64="6AHAA5rRoYZtmBTrdC8WDbjx3pc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSloBuh6MaVVLAPaEOYTG/aoZNJmJkIJRT8FTcuFHHrd7jzb5y0WWjrgYHDOfdyz5wg4Uxpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRSaNGYx7IbEAWcCWhppjl0EwkkCjh0gvFN7nceQSoWiwc9ScCLyFCwkFGijeTbx2Mf8BWu3fUjokeU8Ox6yolvV5yqMwNeJm5BKqhA07e/+oOYphEITTlRquc6ifYyIjWjHKblfqogIXRMhtAzVJAIlJfN4k/xmVEGOIyleULjmfp7IyORUpMoMJN5SLXo5eJ/Xi/V4aWXMZGkGgSdHwpTjnWM8y7wgEmgmk8MIVQykxXTEZGEatNY2ZTgLn55mbRrVdepuvf1SqNe1FFCJ+gUnSMXXaAGukVN1EIUZegZvaI368l6sd6tj/noilXsHKE/sD5/AAg0lNg=</latexit><latexit sha1_base64="6AHAA5rRoYZtmBTrdC8WDbjx3pc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSloBuh6MaVVLAPaEOYTG/aoZNJmJkIJRT8FTcuFHHrd7jzb5y0WWjrgYHDOfdyz5wg4Uxpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRSaNGYx7IbEAWcCWhppjl0EwkkCjh0gvFN7nceQSoWiwc9ScCLyFCwkFGijeTbx2Mf8BWu3fUjokeU8Ox6yolvV5yqMwNeJm5BKqhA07e/+oOYphEITTlRquc6ifYyIjWjHKblfqogIXRMhtAzVJAIlJfN4k/xmVEGOIyleULjmfp7IyORUpMoMJN5SLXo5eJ/Xi/V4aWXMZGkGgSdHwpTjnWM8y7wgEmgmk8MIVQykxXTEZGEatNY2ZTgLn55mbRrVdepuvf1SqNe1FFCJ+gUnSMXXaAGukVN1EIUZegZvaI368l6sd6tj/noilXsHKE/sD5/AAg0lNg=</latexit><latexit sha1_base64="6AHAA5rRoYZtmBTrdC8WDbjx3pc=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSloBuh6MaVVLAPaEOYTG/aoZNJmJkIJRT8FTcuFHHrd7jzb5y0WWjrgYHDOfdyz5wg4Uxpx/m2VlbX1jc2S1vl7Z3dvX374LCt4lRSaNGYx7IbEAWcCWhppjl0EwkkCjh0gvFN7nceQSoWiwc9ScCLyFCwkFGijeTbx2Mf8BWu3fUjokeU8Ox6yolvV5yqMwNeJm5BKqhA07e/+oOYphEITTlRquc6ifYyIjWjHKblfqogIXRMhtAzVJAIlJfN4k/xmVEGOIyleULjmfp7IyORUpMoMJN5SLXo5eJ/Xi/V4aWXMZGkGgSdHwpTjnWM8y7wgEmgmk8MIVQykxXTEZGEatNY2ZTgLn55mbRrVdepuvf1SqNe1FFCJ+gUnSMXXaAGukVN1EIUZegZvaI368l6sd6tj/noilXsHKE/sD5/AAg0lNg=</latexit>

(Ls+R)I(s) + kes⇥o(s) = Ei(s)
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1. Onda Sonora

2. Diafragma

3. Bobina4. Magneto
Fixo

5. Terminal de Saída

Microfone Dinâmico

Exemplo: Microfone de Indução

Hipóteses Simplificadoras:
1. Diafragma possui movimento de translação
2. Diafragma conectado à bobina por hastes rígidas e sem massa
3. Diafragma conectado ao magneto por mola e amortecedor puros e ideais
4. Resistência da bobina desprezível
5. Indutância da bobina considerada pura e ideal

Diafragma
Magneto

Tensão de 
Saída

Bobina

Estrua
c

Estruac
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94 CHAPTER 1 FUNDAMENTALS OF VIBRATION

1.21 Figure 1.77 shows a U-tube manometer open at both ends and containing a column of liquid

mercury of length l and specific weight Considering a small displacement x of the

manometer meniscus from its equilibrium position (or datum), determine the equivalent

spring constant associated with the restoring force.

g.

k2

k1

mg

O

l 
4

l 
2

l

FIGURE 1.76 Rigid bar connected by
springs.

x

Datum

Area, A

x

FIGURE 1.77 U-tube
manometer.

mk3 k4

k1 k2

d2

x0

d3 d3 d4

FIGURE 1.75 Mass connected by springs.
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~B
<latexit sha1_base64="hlCMgrDn/VZTrtvWYT7n42IQWqE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmKoMuiG5cV7APaUCbTSTt0Mgkzk0qJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3uZ+d0alYpF40POYeiEeCxYwgrWRhnZ1MKMkHYRYTwjm6U2WDe2aU3cWQOvELUgNCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL11Ez9C5UUYoiKR5QqOF+nsjxaFS89A3k3lGterl4n9eP9HBtZcyESeaCrI8FCQc6QjlPaARk5RoPjcEE8lMVkQmWGKiTVsVU4K7+uV10mnUXafu3l/Wmo2ijjKcwhlcgAtX0IQ7aEEbCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8nilEc=</latexit><latexit sha1_base64="hlCMgrDn/VZTrtvWYT7n42IQWqE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmKoMuiG5cV7APaUCbTSTt0Mgkzk0qJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3uZ+d0alYpF40POYeiEeCxYwgrWRhnZ1MKMkHYRYTwjm6U2WDe2aU3cWQOvELUgNCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL11Ez9C5UUYoiKR5QqOF+nsjxaFS89A3k3lGterl4n9eP9HBtZcyESeaCrI8FCQc6QjlPaARk5RoPjcEE8lMVkQmWGKiTVsVU4K7+uV10mnUXafu3l/Wmo2ijjKcwhlcgAtX0IQ7aEEbCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8nilEc=</latexit><latexit sha1_base64="hlCMgrDn/VZTrtvWYT7n42IQWqE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmKoMuiG5cV7APaUCbTSTt0Mgkzk0qJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3uZ+d0alYpF40POYeiEeCxYwgrWRhnZ1MKMkHYRYTwjm6U2WDe2aU3cWQOvELUgNCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL11Ez9C5UUYoiKR5QqOF+nsjxaFS89A3k3lGterl4n9eP9HBtZcyESeaCrI8FCQc6QjlPaARk5RoPjcEE8lMVkQmWGKiTVsVU4K7+uV10mnUXafu3l/Wmo2ijjKcwhlcgAtX0IQ7aEEbCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8nilEc=</latexit><latexit sha1_base64="hlCMgrDn/VZTrtvWYT7n42IQWqE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUmKoMuiG5cV7APaUCbTSTt0Mgkzk0qJ+RQ3LhRx65e482+ctFlo64GBwzn3cs8cP+ZMacf5tkobm1vbO+Xdyt7+weGRXT3uqCiRhLZJxCPZ87GinAna1kxz2oslxaHPadef3uZ+d0alYpF40POYeiEeCxYwgrWRhnZ1MKMkHYRYTwjm6U2WDe2aU3cWQOvELUgNCrSG9tdgFJEkpEITjpXqu06svRRLzQinWWWQKBpjMsVj2jdU4JAqL11Ez9C5UUYoiKR5QqOF+nsjxaFS89A3k3lGterl4n9eP9HBtZcyESeaCrI8FCQc6QjlPaARk5RoPjcEE8lMVkQmWGKiTVsVU4K7+uV10mnUXafu3l/Wmo2ijjKcwhlcgAtX0IQ7aEEbCDzCM7zCm/VkvVjv1sdytGQVOyfwB9bnD8nilEc=</latexit>

Circuito Externo Circuito Interno Diafragma

hastes

Ondas Sonoras

u(t)
<latexit sha1_base64="glRc+YuWOjyAq/irKHfDjkiqKpU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuhDWWz3bRLN5uwOxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ18SpZrzDYhnrx4AaLoXiHRQo+WOiOY0CyXvB9Db3e09cGxGrB5wl3I/oWIlQMIq5lNbxclituQ13AbJOvILUoEB7WP0ajGKWRlwhk9SYvucm6GdUo2CSzyuD1PCEsikd876likbc+Nni1jm5sMqIhLG2pZAs1N8TGY2MmUWB7YwoTsyql4v/ef0Uwxs/EypJkSu2XBSmkmBM8sfJSGjOUM4soUwLeythE6opQxtPxYbgrb68TrrNhuc2vPurWqtZxFGGMziHOnhwDS24gzZ0gMEEnuEV3pzIeXHenY9la8kpZk7hD5zPH3hkjcw=</latexit><latexit sha1_base64="glRc+YuWOjyAq/irKHfDjkiqKpU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuhDWWz3bRLN5uwOxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ18SpZrzDYhnrx4AaLoXiHRQo+WOiOY0CyXvB9Db3e09cGxGrB5wl3I/oWIlQMIq5lNbxclituQ13AbJOvILUoEB7WP0ajGKWRlwhk9SYvucm6GdUo2CSzyuD1PCEsikd876likbc+Nni1jm5sMqIhLG2pZAs1N8TGY2MmUWB7YwoTsyql4v/ef0Uwxs/EypJkSu2XBSmkmBM8sfJSGjOUM4soUwLeythE6opQxtPxYbgrb68TrrNhuc2vPurWqtZxFGGMziHOnhwDS24gzZ0gMEEnuEV3pzIeXHenY9la8kpZk7hD5zPH3hkjcw=</latexit><latexit sha1_base64="glRc+YuWOjyAq/irKHfDjkiqKpU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuhDWWz3bRLN5uwOxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ18SpZrzDYhnrx4AaLoXiHRQo+WOiOY0CyXvB9Db3e09cGxGrB5wl3I/oWIlQMIq5lNbxclituQ13AbJOvILUoEB7WP0ajGKWRlwhk9SYvucm6GdUo2CSzyuD1PCEsikd876likbc+Nni1jm5sMqIhLG2pZAs1N8TGY2MmUWB7YwoTsyql4v/ef0Uwxs/EypJkSu2XBSmkmBM8sfJSGjOUM4soUwLeythE6opQxtPxYbgrb68TrrNhuc2vPurWqtZxFGGMziHOnhwDS24gzZ0gMEEnuEV3pzIeXHenY9la8kpZk7hD5zPH3hkjcw=</latexit><latexit sha1_base64="glRc+YuWOjyAq/irKHfDjkiqKpU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuhDWWz3bRLN5uwOxFK6F/w4kERr/4hb/4bN20O2vpg4PHeDDPzgkQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ18SpZrzDYhnrx4AaLoXiHRQo+WOiOY0CyXvB9Db3e09cGxGrB5wl3I/oWIlQMIq5lNbxclituQ13AbJOvILUoEB7WP0ajGKWRlwhk9SYvucm6GdUo2CSzyuD1PCEsikd876likbc+Nni1jm5sMqIhLG2pZAs1N8TGY2MmUWB7YwoTsyql4v/ef0Uwxs/EypJkSu2XBSmkmBM8sfJSGjOUM4soUwLeythE6opQxtPxYbgrb68TrrNhuc2vPurWqtZxFGGMziHOnhwDS24gzZ0gMEEnuEV3pzIeXHenY9la8kpZk7hD5zPH3hkjcw=</latexit>

Ímã Permanente Fixo

Diafragma
Magneto

Tensão de 
Saída

Bobina

Estrua
c

Estruac
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Modelo Matemático

M
~fm(t)

<latexit sha1_base64="r+P7KO3j0D9EYcWVxn5XOOUaUNw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyUpgh4LXjxWsB/QlLLZTtqlu5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYngBj3v2ylsbe/s7hX3SweHR8cn5dOztolTzaDFYhHrbkgNCK6ghRwFdBMNVIYCOuHkfuF3pqANj9UTzhLoSzpSPOKMopWCYAosi+YDWcXrQbni1bwl3E3i56RCcjQH5a9gGLNUgkImqDE930uwn1GNnAmYl4LUQELZhI6gZ6miEkw/W948d6+sMnSjWNtS6C7V3xMZlcbMZGg7JcWxWfcW4n9eL8Xorp9xlaQIiq0WRalwMXYXAbhDroGhmFlCmeb2VpeNqaYMbUwlG4K//vImaddrvlfzH28qjXoeR5FckEtSJT65JQ3yQJqkRRhJyDN5JW9O6rw4787HqrXg5DPn5A+czx+8zZFr</latexit><latexit sha1_base64="r+P7KO3j0D9EYcWVxn5XOOUaUNw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyUpgh4LXjxWsB/QlLLZTtqlu5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYngBj3v2ylsbe/s7hX3SweHR8cn5dOztolTzaDFYhHrbkgNCK6ghRwFdBMNVIYCOuHkfuF3pqANj9UTzhLoSzpSPOKMopWCYAosi+YDWcXrQbni1bwl3E3i56RCcjQH5a9gGLNUgkImqDE930uwn1GNnAmYl4LUQELZhI6gZ6miEkw/W948d6+sMnSjWNtS6C7V3xMZlcbMZGg7JcWxWfcW4n9eL8Xorp9xlaQIiq0WRalwMXYXAbhDroGhmFlCmeb2VpeNqaYMbUwlG4K//vImaddrvlfzH28qjXoeR5FckEtSJT65JQ3yQJqkRRhJyDN5JW9O6rw4787HqrXg5DPn5A+czx+8zZFr</latexit><latexit sha1_base64="r+P7KO3j0D9EYcWVxn5XOOUaUNw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyUpgh4LXjxWsB/QlLLZTtqlu5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYngBj3v2ylsbe/s7hX3SweHR8cn5dOztolTzaDFYhHrbkgNCK6ghRwFdBMNVIYCOuHkfuF3pqANj9UTzhLoSzpSPOKMopWCYAosi+YDWcXrQbni1bwl3E3i56RCcjQH5a9gGLNUgkImqDE930uwn1GNnAmYl4LUQELZhI6gZ6miEkw/W948d6+sMnSjWNtS6C7V3xMZlcbMZGg7JcWxWfcW4n9eL8Xorp9xlaQIiq0WRalwMXYXAbhDroGhmFlCmeb2VpeNqaYMbUwlG4K//vImaddrvlfzH28qjXoeR5FckEtSJT65JQ3yQJqkRRhJyDN5JW9O6rw4787HqrXg5DPn5A+czx+8zZFr</latexit><latexit sha1_base64="r+P7KO3j0D9EYcWVxn5XOOUaUNw=">AAAB83icbVBNS8NAEN3Ur1q/qh69BItQLyUpgh4LXjxWsB/QlLLZTtqlu5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYngBj3v2ylsbe/s7hX3SweHR8cn5dOztolTzaDFYhHrbkgNCK6ghRwFdBMNVIYCOuHkfuF3pqANj9UTzhLoSzpSPOKMopWCYAosi+YDWcXrQbni1bwl3E3i56RCcjQH5a9gGLNUgkImqDE930uwn1GNnAmYl4LUQELZhI6gZ6miEkw/W948d6+sMnSjWNtS6C7V3xMZlcbMZGg7JcWxWfcW4n9eL8Xorp9xlaQIiq0WRalwMXYXAbhDroGhmFlCmeb2VpeNqaYMbUwlG4K//vImaddrvlfzH28qjXoeR5FckEtSJT65JQ3yQJqkRRhJyDN5JW9O6rw4787HqrXg5DPn5A+czx+8zZFr</latexit>

~fa(t)
<latexit sha1_base64="ittkdCV8hEHc4EVMwQgOIaIUWjQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHisYD+gKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOztolTzaHFYxnrbsAMSKGghQIldBMNLAokdILJ/cLvTEEbEasnnCXQj9hIiVBwhlby/SnwLJwPWBWvB+WKW3OXoJvEy0mF5GgOyl/+MOZpBAq5ZMb0PDfBfsY0Ci5hXvJTAwnjEzaCnqWKRWD62fLmOb2yypCGsbalkC7V3xMZi4yZRYHtjBiOzbq3EP/zeimGd/1MqCRFUHy1KEwlxZguAqBDoYGjnFnCuBb2VsrHTDOONqaSDcFbf3mTtOs1z615jzeVRj2Po0guyCWpEo/ckgZ5IE3SIpwk5Jm8kjcndV6cd+dj1Vpw8plz8gfO5w+qeZFf</latexit><latexit sha1_base64="ittkdCV8hEHc4EVMwQgOIaIUWjQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHisYD+gKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOztolTzaHFYxnrbsAMSKGghQIldBMNLAokdILJ/cLvTEEbEasnnCXQj9hIiVBwhlby/SnwLJwPWBWvB+WKW3OXoJvEy0mF5GgOyl/+MOZpBAq5ZMb0PDfBfsY0Ci5hXvJTAwnjEzaCnqWKRWD62fLmOb2yypCGsbalkC7V3xMZi4yZRYHtjBiOzbq3EP/zeimGd/1MqCRFUHy1KEwlxZguAqBDoYGjnFnCuBb2VsrHTDOONqaSDcFbf3mTtOs1z615jzeVRj2Po0guyCWpEo/ckgZ5IE3SIpwk5Jm8kjcndV6cd+dj1Vpw8plz8gfO5w+qeZFf</latexit><latexit sha1_base64="ittkdCV8hEHc4EVMwQgOIaIUWjQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHisYD+gKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOztolTzaHFYxnrbsAMSKGghQIldBMNLAokdILJ/cLvTEEbEasnnCXQj9hIiVBwhlby/SnwLJwPWBWvB+WKW3OXoJvEy0mF5GgOyl/+MOZpBAq5ZMb0PDfBfsY0Ci5hXvJTAwnjEzaCnqWKRWD62fLmOb2yypCGsbalkC7V3xMZi4yZRYHtjBiOzbq3EP/zeimGd/1MqCRFUHy1KEwlxZguAqBDoYGjnFnCuBb2VsrHTDOONqaSDcFbf3mTtOs1z615jzeVRj2Po0guyCWpEo/ckgZ5IE3SIpwk5Jm8kjcndV6cd+dj1Vpw8plz8gfO5w+qeZFf</latexit><latexit sha1_base64="ittkdCV8hEHc4EVMwQgOIaIUWjQ=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHisYD+gKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbe/s7hX3SweHR8cn5dOztolTzaHFYxnrbsAMSKGghQIldBMNLAokdILJ/cLvTEEbEasnnCXQj9hIiVBwhlby/SnwLJwPWBWvB+WKW3OXoJvEy0mF5GgOyl/+MOZpBAq5ZMb0PDfBfsY0Ci5hXvJTAwnjEzaCnqWKRWD62fLmOb2yypCGsbalkC7V3xMZi4yZRYHtjBiOzbq3EP/zeimGd/1MqCRFUHy1KEwlxZguAqBDoYGjnFnCuBb2VsrHTDOONqaSDcFbf3mTtOs1z615jzeVRj2Po0guyCWpEo/ckgZ5IE3SIpwk5Jm8kjcndV6cd+dj1Vpw8plz8gfO5w+qeZFf</latexit>

~fM (t)
<latexit sha1_base64="R3PeaUKmCGXpXm891QuhyBqlkFc=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHgRKthaaErZbCft0s0m7E4KJfRvePGgiFf/jDf/jds2B219MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVHNo8VjGuhMwA1IoaKFACZ1EA4sCCU/B+HbuP01AGxGrR5wm0IvYUIlQcIZW8v0J8Cyc9e+reNkvV9yauwBdJ15OKiRHs1/+8gcxTyNQyCUzpuu5CfYyplFwCbOSnxpIGB+zIXQtVSwC08sWN8/ohVUGNIy1LYV0of6eyFhkzDQKbGfEcGRWvbn4n9dNMbzpZUIlKYLiy0VhKinGdB4AHQgNHOXUEsa1sLdSPmKacbQxlWwI3urL66Rdr3luzXu4qjTqeRxFckbOSZV45Jo0yB1pkhbhJCHP5JW8Oanz4rw7H8vWgpPPnJI/cD5/AIvtkUs=</latexit><latexit sha1_base64="R3PeaUKmCGXpXm891QuhyBqlkFc=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHgRKthaaErZbCft0s0m7E4KJfRvePGgiFf/jDf/jds2B219MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVHNo8VjGuhMwA1IoaKFACZ1EA4sCCU/B+HbuP01AGxGrR5wm0IvYUIlQcIZW8v0J8Cyc9e+reNkvV9yauwBdJ15OKiRHs1/+8gcxTyNQyCUzpuu5CfYyplFwCbOSnxpIGB+zIXQtVSwC08sWN8/ohVUGNIy1LYV0of6eyFhkzDQKbGfEcGRWvbn4n9dNMbzpZUIlKYLiy0VhKinGdB4AHQgNHOXUEsa1sLdSPmKacbQxlWwI3urL66Rdr3luzXu4qjTqeRxFckbOSZV45Jo0yB1pkhbhJCHP5JW8Oanz4rw7H8vWgpPPnJI/cD5/AIvtkUs=</latexit><latexit sha1_base64="R3PeaUKmCGXpXm891QuhyBqlkFc=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHgRKthaaErZbCft0s0m7E4KJfRvePGgiFf/jDf/jds2B219MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVHNo8VjGuhMwA1IoaKFACZ1EA4sCCU/B+HbuP01AGxGrR5wm0IvYUIlQcIZW8v0J8Cyc9e+reNkvV9yauwBdJ15OKiRHs1/+8gcxTyNQyCUzpuu5CfYyplFwCbOSnxpIGB+zIXQtVSwC08sWN8/ohVUGNIy1LYV0of6eyFhkzDQKbGfEcGRWvbn4n9dNMbzpZUIlKYLiy0VhKinGdB4AHQgNHOXUEsa1sLdSPmKacbQxlWwI3urL66Rdr3luzXu4qjTqeRxFckbOSZV45Jo0yB1pkhbhJCHP5JW8Oanz4rw7H8vWgpPPnJI/cD5/AIvtkUs=</latexit><latexit sha1_base64="R3PeaUKmCGXpXm891QuhyBqlkFc=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD0WvHgRKthaaErZbCft0s0m7E4KJfRvePGgiFf/jDf/jds2B219MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG3iVHNo8VjGuhMwA1IoaKFACZ1EA4sCCU/B+HbuP01AGxGrR5wm0IvYUIlQcIZW8v0J8Cyc9e+reNkvV9yauwBdJ15OKiRHs1/+8gcxTyNQyCUzpuu5CfYyplFwCbOSnxpIGB+zIXQtVSwC08sWN8/ohVUGNIy1LYV0of6eyFhkzDQKbGfEcGRWvbn4n9dNMbzpZUIlKYLiy0VhKinGdB4AHQgNHOXUEsa1sLdSPmKacbQxlWwI3urL66Rdr3luzXu4qjTqeRxFckbOSZV45Jo0yB1pkhbhJCHP5JW8Oanz4rw7H8vWgpPPnJI/cD5/AIvtkUs=</latexit>

~fA(t)
<latexit sha1_base64="1PydjPE+OGOyrPrcENeFjVN62Xo=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD1WvHisYGuhKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTtolTzaHFYxnrTsAMSKGghQIldBINLAokPAXju7n/NAFtRKwecZpAL2JDJULBGVrJ9yfAs3DWv63iZb9ccWvuAnSdeDmpkBzNfvnLH8Q8jUAhl8yYrucm2MuYRsElzEp+aiBhfMyG0LVUsQhML1vcPKMXVhnQMNa2FNKF+nsiY5Ex0yiwnRHDkVn15uJ/XjfF8KaXCZWkCIovF4WppBjTeQB0IDRwlFNLGNfC3kr5iGnG0cZUsiF4qy+vk3a95rk17+Gq0qjncRTJGTknVeKRa9Ig96RJWoSThDyTV/LmpM6L8+58LFsLTj5zSv7A+fwBeZmRPw==</latexit><latexit sha1_base64="1PydjPE+OGOyrPrcENeFjVN62Xo=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD1WvHisYGuhKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTtolTzaHFYxnrTsAMSKGghQIldBINLAokPAXju7n/NAFtRKwecZpAL2JDJULBGVrJ9yfAs3DWv63iZb9ccWvuAnSdeDmpkBzNfvnLH8Q8jUAhl8yYrucm2MuYRsElzEp+aiBhfMyG0LVUsQhML1vcPKMXVhnQMNa2FNKF+nsiY5Ex0yiwnRHDkVn15uJ/XjfF8KaXCZWkCIovF4WppBjTeQB0IDRwlFNLGNfC3kr5iGnG0cZUsiF4qy+vk3a95rk17+Gq0qjncRTJGTknVeKRa9Ig96RJWoSThDyTV/LmpM6L8+58LFsLTj5zSv7A+fwBeZmRPw==</latexit><latexit sha1_base64="1PydjPE+OGOyrPrcENeFjVN62Xo=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD1WvHisYGuhKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTtolTzaHFYxnrTsAMSKGghQIldBINLAokPAXju7n/NAFtRKwecZpAL2JDJULBGVrJ9yfAs3DWv63iZb9ccWvuAnSdeDmpkBzNfvnLH8Q8jUAhl8yYrucm2MuYRsElzEp+aiBhfMyG0LVUsQhML1vcPKMXVhnQMNa2FNKF+nsiY5Ex0yiwnRHDkVn15uJ/XjfF8KaXCZWkCIovF4WppBjTeQB0IDRwlFNLGNfC3kr5iGnG0cZUsiF4qy+vk3a95rk17+Gq0qjncRTJGTknVeKRa9Ig96RJWoSThDyTV/LmpM6L8+58LFsLTj5zSv7A+fwBeZmRPw==</latexit><latexit sha1_base64="1PydjPE+OGOyrPrcENeFjVN62Xo=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBahXkpSBD1WvHisYGuhKWWznbRLN5uwOymU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTtolTzaHFYxnrTsAMSKGghQIldBINLAokPAXju7n/NAFtRKwecZpAL2JDJULBGVrJ9yfAs3DWv63iZb9ccWvuAnSdeDmpkBzNfvnLH8Q8jUAhl8yYrucm2MuYRsElzEp+aiBhfMyG0LVUsQhML1vcPKMXVhnQMNa2FNKF+nsiY5Ex0yiwnRHDkVn15uJ/XjfF8KaXCZWkCIovF4WppBjTeQB0IDRwlFNLGNfC3kr5iGnG0cZUsiF4qy+vk3a95rk17+Gq0qjncRTJGTknVeKRa9Ig96RJWoSThDyTV/LmpM6L8+58LFsLTj5zSv7A+fwBeZmRPw==</latexit>

~u(t)
<latexit sha1_base64="ycUln7iJ1ZA3Fsm+y1AN2bo35z4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuxDWWznbRLN5uwuymU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJWjwHVKLjEluFG4GOikEaBwE4wvp37nQkqzWP5YKYJ+hEdSh5yRo2VnnoTZFk6q5rLfrni1twFyDrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLiGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/H0y4AqZEVNLKFPc3krYiCrKjA2pZEPwVl9eJ+16zXNr3v1VpVHP4yjCGZxDFTy4hgbcQRNawEDCM7zCm6OdF+fd+Vi2Fpx85hT+wPn8AUvlkJo=</latexit><latexit sha1_base64="ycUln7iJ1ZA3Fsm+y1AN2bo35z4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuxDWWznbRLN5uwuymU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJWjwHVKLjEluFG4GOikEaBwE4wvp37nQkqzWP5YKYJ+hEdSh5yRo2VnnoTZFk6q5rLfrni1twFyDrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLiGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/H0y4AqZEVNLKFPc3krYiCrKjA2pZEPwVl9eJ+16zXNr3v1VpVHP4yjCGZxDFTy4hgbcQRNawEDCM7zCm6OdF+fd+Vi2Fpx85hT+wPn8AUvlkJo=</latexit><latexit sha1_base64="ycUln7iJ1ZA3Fsm+y1AN2bo35z4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuxDWWznbRLN5uwuymU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJWjwHVKLjEluFG4GOikEaBwE4wvp37nQkqzWP5YKYJ+hEdSh5yRo2VnnoTZFk6q5rLfrni1twFyDrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLiGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/H0y4AqZEVNLKFPc3krYiCrKjA2pZEPwVl9eJ+16zXNr3v1VpVHP4yjCGZxDFTy4hgbcQRNawEDCM7zCm6OdF+fd+Vi2Fpx85hT+wPn8AUvlkJo=</latexit><latexit sha1_base64="ycUln7iJ1ZA3Fsm+y1AN2bo35z4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBahXkpSBD0WvHisYFuxDWWznbRLN5uwuymU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYng2rjut1PY2Nza3inulvb2Dw6PyscnbR2nimGLxSJWjwHVKLjEluFG4GOikEaBwE4wvp37nQkqzWP5YKYJ+hEdSh5yRo2VnnoTZFk6q5rLfrni1twFyDrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwVuqlGhPKxnSIXUsljVD72eLiGbmwyoCEsbIlDVmovycyGmk9jQLbGVEz0qveXPzP66YmvPEzLpPUoGTLRWEqiInJ/H0y4AqZEVNLKFPc3krYiCrKjA2pZEPwVl9eJ+16zXNr3v1VpVHP4yjCGZxDFTy4hgbcQRNawEDCM7zCm6OdF+fd+Vi2Fpx85hT+wPn8AUvlkJo=</latexit>

X

I

eI = 0
<latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit><latexit sha1_base64="2Uy365QHTOil3DA9VYRAZbXvq3s=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0VwVZIi6EYouNFdBfuAJpTJ9KYdOnkwMxFCyNqNv+LGhSJu/QJ3/o3TNAttPXAvh3PuZeYeL+ZMKsv6Niorq2vrG9XN2tb2zu6euX/QlVEiKHRoxCPR94gEzkLoKKY49GMBJPA49Lzp9czvPYCQLArvVRqDG5BxyHxGidLS0Dx2RkzGnKRSpRwyRybBMLvNMRT9Clv50KxbDasAXiZ2SeqoRHtofjmjiCYBhIpyIuXAtmLlZkQoRjnkNSeREBM6JWMYaBqSAKSbFafk+FQrI+xHQleocKH+3shIIGUaeHoyIGoiF72Z+J83SJR/6WYsjBMFIZ0/5CccqwjPcsEjJoAqnmpCqGD6r5hOiCBU6fRqOgR78eRl0m02bKth353XW80yjio6QifoDNnoArXQDWqjDqLoET2jV/RmPBkvxrvxMR+tGOXOIfoD4/MHP3Cagw==</latexit>

X

M

~fM = M ~̈u(t)
<latexit sha1_base64="0OXNIiZrSMS0pEPBwUI4r1qwlok=">AAACIHicbVDJSgNBEO1xjXGLevTSGAS9hJkgxIsgePESiGCikAlDT09N0qRnobtGGIb5FC/+ihcPiuhNv8bOcnB7UPB4r4qqen4qhUbb/rAWFpeWV1Yra9X1jc2t7drObk8nmeLQ5YlM1K3PNEgRQxcFSrhNFbDIl3Djjy8m/s0dKC2S+BrzFAYRG8YiFJyhkbxayw2ETiXLNeYSCldnkVe0S+reAS/C0mvTM9qmbhAkWEy1rCyP8Lj0anW7YU9B/xJnTupkjo5Xe3eDhGcRxMgl07rv2CkOCqZQcAll1c00pIyP2RD6hsYsAj0opg+W9NAoAQ0TZSpGOlW/TxQs0jqPfNMZMRzp395E/M/rZxieDgoRpxlCzGeLwkxSTOgkLRoIBRxlbgjjSphbKR8xxTiaTKsmBOf3y39Jr9lw7IZzdVI/b87jqJB9ckCOiENa5Jxckg7pEk7uySN5Ji/Wg/VkvVpvs9YFaz6zR37A+vwCDZ6kCg==</latexit><latexit sha1_base64="0OXNIiZrSMS0pEPBwUI4r1qwlok=">AAACIHicbVDJSgNBEO1xjXGLevTSGAS9hJkgxIsgePESiGCikAlDT09N0qRnobtGGIb5FC/+ihcPiuhNv8bOcnB7UPB4r4qqen4qhUbb/rAWFpeWV1Yra9X1jc2t7drObk8nmeLQ5YlM1K3PNEgRQxcFSrhNFbDIl3Djjy8m/s0dKC2S+BrzFAYRG8YiFJyhkbxayw2ETiXLNeYSCldnkVe0S+reAS/C0mvTM9qmbhAkWEy1rCyP8Lj0anW7YU9B/xJnTupkjo5Xe3eDhGcRxMgl07rv2CkOCqZQcAll1c00pIyP2RD6hsYsAj0opg+W9NAoAQ0TZSpGOlW/TxQs0jqPfNMZMRzp395E/M/rZxieDgoRpxlCzGeLwkxSTOgkLRoIBRxlbgjjSphbKR8xxTiaTKsmBOf3y39Jr9lw7IZzdVI/b87jqJB9ckCOiENa5Jxckg7pEk7uySN5Ji/Wg/VkvVpvs9YFaz6zR37A+vwCDZ6kCg==</latexit><latexit sha1_base64="0OXNIiZrSMS0pEPBwUI4r1qwlok=">AAACIHicbVDJSgNBEO1xjXGLevTSGAS9hJkgxIsgePESiGCikAlDT09N0qRnobtGGIb5FC/+ihcPiuhNv8bOcnB7UPB4r4qqen4qhUbb/rAWFpeWV1Yra9X1jc2t7drObk8nmeLQ5YlM1K3PNEgRQxcFSrhNFbDIl3Djjy8m/s0dKC2S+BrzFAYRG8YiFJyhkbxayw2ETiXLNeYSCldnkVe0S+reAS/C0mvTM9qmbhAkWEy1rCyP8Lj0anW7YU9B/xJnTupkjo5Xe3eDhGcRxMgl07rv2CkOCqZQcAll1c00pIyP2RD6hsYsAj0opg+W9NAoAQ0TZSpGOlW/TxQs0jqPfNMZMRzp395E/M/rZxieDgoRpxlCzGeLwkxSTOgkLRoIBRxlbgjjSphbKR8xxTiaTKsmBOf3y39Jr9lw7IZzdVI/b87jqJB9ckCOiENa5Jxckg7pEk7uySN5Ji/Wg/VkvVpvs9YFaz6zR37A+vwCDZ6kCg==</latexit><latexit sha1_base64="0OXNIiZrSMS0pEPBwUI4r1qwlok=">AAACIHicbVDJSgNBEO1xjXGLevTSGAS9hJkgxIsgePESiGCikAlDT09N0qRnobtGGIb5FC/+ihcPiuhNv8bOcnB7UPB4r4qqen4qhUbb/rAWFpeWV1Yra9X1jc2t7drObk8nmeLQ5YlM1K3PNEgRQxcFSrhNFbDIl3Djjy8m/s0dKC2S+BrzFAYRG8YiFJyhkbxayw2ETiXLNeYSCldnkVe0S+reAS/C0mvTM9qmbhAkWEy1rCyP8Lj0anW7YU9B/xJnTupkjo5Xe3eDhGcRxMgl07rv2CkOCqZQcAll1c00pIyP2RD6hsYsAj0opg+W9NAoAQ0TZSpGOlW/TxQs0jqPfNMZMRzp395E/M/rZxieDgoRpxlCzGeLwkxSTOgkLRoIBRxlbgjjSphbKR8xxTiaTKsmBOf3y39Jr9lw7IZzdVI/b87jqJB9ckCOiENa5Jxckg7pEk7uySN5Ji/Wg/VkvVpvs9YFaz6zR37A+vwCDZ6kCg==</latexit>

fa(t)� ku(t)�Bu̇� fm(t) = M
d2u

dt2
<latexit sha1_base64="jMJqwX8zz7kw5bsq28k2ITVpXq0=">AAACIHicbVDLSgMxFM3Ud32NunQTLEJdWGYGoW6Eohs3goJVoY8hk8nY0MyD5EYow3yKG3/FjQtFdKdfY6btwteBkMM5997kniATXIHjfFiVmdm5+YXFperyyuraur2xeaVSLSlr01Sk8iYgigmesDZwEOwmk4zEgWDXwfCk9K/vmFQ8TS5hlLFeTG4THnFKwEi+3Yx8Uoc9vI+HenIfd8MUcl0YGvlxqR3hs24kCc3DvqeLPIS+V/h2zWk4Y+C/xJ2SGpri3LffzVyqY5YAFUSpjutk0MuJBE4FK6pdrVhG6JDcso6hCYmZ6uXjBQu8a5QQR6k0JwE8Vr935CRWahQHpjImMFC/vVL8z+toiA57OU8yDSyhk4ciLTCkuEwLh1wyCmJkCKGSm79iOiAmCzCZVk0I7u+V/5Irr+E6DffioNbypnEsom20g+rIRU3UQqfoHLURRffoET2jF+vBerJerbdJacWa9myhH7A+vwD006Bk</latexit><latexit sha1_base64="jMJqwX8zz7kw5bsq28k2ITVpXq0=">AAACIHicbVDLSgMxFM3Ud32NunQTLEJdWGYGoW6Eohs3goJVoY8hk8nY0MyD5EYow3yKG3/FjQtFdKdfY6btwteBkMM5997kniATXIHjfFiVmdm5+YXFperyyuraur2xeaVSLSlr01Sk8iYgigmesDZwEOwmk4zEgWDXwfCk9K/vmFQ8TS5hlLFeTG4THnFKwEi+3Yx8Uoc9vI+HenIfd8MUcl0YGvlxqR3hs24kCc3DvqeLPIS+V/h2zWk4Y+C/xJ2SGpri3LffzVyqY5YAFUSpjutk0MuJBE4FK6pdrVhG6JDcso6hCYmZ6uXjBQu8a5QQR6k0JwE8Vr935CRWahQHpjImMFC/vVL8z+toiA57OU8yDSyhk4ciLTCkuEwLh1wyCmJkCKGSm79iOiAmCzCZVk0I7u+V/5Irr+E6DffioNbypnEsom20g+rIRU3UQqfoHLURRffoET2jF+vBerJerbdJacWa9myhH7A+vwD006Bk</latexit><latexit sha1_base64="jMJqwX8zz7kw5bsq28k2ITVpXq0=">AAACIHicbVDLSgMxFM3Ud32NunQTLEJdWGYGoW6Eohs3goJVoY8hk8nY0MyD5EYow3yKG3/FjQtFdKdfY6btwteBkMM5997kniATXIHjfFiVmdm5+YXFperyyuraur2xeaVSLSlr01Sk8iYgigmesDZwEOwmk4zEgWDXwfCk9K/vmFQ8TS5hlLFeTG4THnFKwEi+3Yx8Uoc9vI+HenIfd8MUcl0YGvlxqR3hs24kCc3DvqeLPIS+V/h2zWk4Y+C/xJ2SGpri3LffzVyqY5YAFUSpjutk0MuJBE4FK6pdrVhG6JDcso6hCYmZ6uXjBQu8a5QQR6k0JwE8Vr935CRWahQHpjImMFC/vVL8z+toiA57OU8yDSyhk4ciLTCkuEwLh1wyCmJkCKGSm79iOiAmCzCZVk0I7u+V/5Irr+E6DffioNbypnEsom20g+rIRU3UQqfoHLURRffoET2jF+vBerJerbdJacWa9myhH7A+vwD006Bk</latexit><latexit sha1_base64="jMJqwX8zz7kw5bsq28k2ITVpXq0=">AAACIHicbVDLSgMxFM3Ud32NunQTLEJdWGYGoW6Eohs3goJVoY8hk8nY0MyD5EYow3yKG3/FjQtFdKdfY6btwteBkMM5997kniATXIHjfFiVmdm5+YXFperyyuraur2xeaVSLSlr01Sk8iYgigmesDZwEOwmk4zEgWDXwfCk9K/vmFQ8TS5hlLFeTG4THnFKwEi+3Yx8Uoc9vI+HenIfd8MUcl0YGvlxqR3hs24kCc3DvqeLPIS+V/h2zWk4Y+C/xJ2SGpri3LffzVyqY5YAFUSpjutk0MuJBE4FK6pdrVhG6JDcso6hCYmZ6uXjBQu8a5QQR6k0JwE8Vr935CRWahQHpjImMFC/vVL8z+toiA57OU8yDSyhk4ciLTCkuEwLh1wyCmJkCKGSm79iOiAmCzCZVk0I7u+V/5Irr+E6DffioNbypnEsom20g+rIRU3UQqfoHLURRffoET2jF+vBerJerbdJacWa9myhH7A+vwD006Bk</latexit>

M
d2u

dt2
+Bu̇+ ku+ fm(t) = fa(t)

<latexit sha1_base64="Yj0+efDSTd0NASzEPW8OchCPS4o=">AAACHXicbZBJSwMxFMczdat1q3r0EixCRSgzQ0EvQtGLF6GCXaAbmUymDc0sJC9CGfpFvPhVvHhQxIMX8duYLgdtfZDw4/+W5P29RHAFtv1tZVZW19Y3spu5re2d3b38/kFdxVpSVqOxiGXTI4oJHrEacBCsmUhGQk+whje8nuQbD0wqHkf3MEpYJyT9iAecEjBSL1++bQeS0NTvunqc+tB1x/gMX7X9GFI9waE2V9ALi3CKLw0QA718wS7Z08DL4MyhgOZR7eU/zUCqQxYBFUSplmMn0EmJBE4FG+faWrGE0CHps5bBiIRMddLpdmN8YhQfB7E0JwI8VX93pCRUahR6pjIkMFCLuYn4X66lIbjopDxKNLCIzh4KtMAQ44lV2OeSURAjA4RKbv6K6YAYt8AYmjMmOIsrL0PdLTl2ybkrFyru3I4sOkLHqIgcdI4q6AZVUQ1R9Iie0St6s56sF+vd+piVZqx5zyH6E9bXD2I2n3s=</latexit><latexit sha1_base64="Yj0+efDSTd0NASzEPW8OchCPS4o=">AAACHXicbZBJSwMxFMczdat1q3r0EixCRSgzQ0EvQtGLF6GCXaAbmUymDc0sJC9CGfpFvPhVvHhQxIMX8duYLgdtfZDw4/+W5P29RHAFtv1tZVZW19Y3spu5re2d3b38/kFdxVpSVqOxiGXTI4oJHrEacBCsmUhGQk+whje8nuQbD0wqHkf3MEpYJyT9iAecEjBSL1++bQeS0NTvunqc+tB1x/gMX7X9GFI9waE2V9ALi3CKLw0QA718wS7Z08DL4MyhgOZR7eU/zUCqQxYBFUSplmMn0EmJBE4FG+faWrGE0CHps5bBiIRMddLpdmN8YhQfB7E0JwI8VX93pCRUahR6pjIkMFCLuYn4X66lIbjopDxKNLCIzh4KtMAQ44lV2OeSURAjA4RKbv6K6YAYt8AYmjMmOIsrL0PdLTl2ybkrFyru3I4sOkLHqIgcdI4q6AZVUQ1R9Iie0St6s56sF+vd+piVZqx5zyH6E9bXD2I2n3s=</latexit><latexit sha1_base64="Yj0+efDSTd0NASzEPW8OchCPS4o=">AAACHXicbZBJSwMxFMczdat1q3r0EixCRSgzQ0EvQtGLF6GCXaAbmUymDc0sJC9CGfpFvPhVvHhQxIMX8duYLgdtfZDw4/+W5P29RHAFtv1tZVZW19Y3spu5re2d3b38/kFdxVpSVqOxiGXTI4oJHrEacBCsmUhGQk+whje8nuQbD0wqHkf3MEpYJyT9iAecEjBSL1++bQeS0NTvunqc+tB1x/gMX7X9GFI9waE2V9ALi3CKLw0QA718wS7Z08DL4MyhgOZR7eU/zUCqQxYBFUSplmMn0EmJBE4FG+faWrGE0CHps5bBiIRMddLpdmN8YhQfB7E0JwI8VX93pCRUahR6pjIkMFCLuYn4X66lIbjopDxKNLCIzh4KtMAQ44lV2OeSURAjA4RKbv6K6YAYt8AYmjMmOIsrL0PdLTl2ybkrFyru3I4sOkLHqIgcdI4q6AZVUQ1R9Iie0St6s56sF+vd+piVZqx5zyH6E9bXD2I2n3s=</latexit><latexit sha1_base64="Yj0+efDSTd0NASzEPW8OchCPS4o=">AAACHXicbZBJSwMxFMczdat1q3r0EixCRSgzQ0EvQtGLF6GCXaAbmUymDc0sJC9CGfpFvPhVvHhQxIMX8duYLgdtfZDw4/+W5P29RHAFtv1tZVZW19Y3spu5re2d3b38/kFdxVpSVqOxiGXTI4oJHrEacBCsmUhGQk+whje8nuQbD0wqHkf3MEpYJyT9iAecEjBSL1++bQeS0NTvunqc+tB1x/gMX7X9GFI9waE2V9ALi3CKLw0QA718wS7Z08DL4MyhgOZR7eU/zUCqQxYBFUSplmMn0EmJBE4FG+faWrGE0CHps5bBiIRMddLpdmN8YhQfB7E0JwI8VX93pCRUahR6pjIkMFCLuYn4X66lIbjopDxKNLCIzh4KtMAQ44lV2OeSURAjA4RKbv6K6YAYt8AYmjMmOIsrL0PdLTl2ybkrFyru3I4sOkLHqIgcdI4q6AZVUQ1R9Iie0St6s56sF+vd+piVZqx5zyH6E9bXD2I2n3s=</latexit>

em = ke
du

dt
<latexit sha1_base64="kc0P0VGlo0FrytlaZ60bCnVzhW0=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBL0IBS8eK9gPaEPYbCbt0s0m7G6EEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBypnSjvNtrayurW9sVraq2zu7e/v2wWFHJZmk0KYJT2QvIAo4E9DWTHPopRJIHHDoBuObqd99AKlYIu71JAUvJkPBIkaJNpJvH4Mf42s89mEQSULzMCvyUBe+XXPqzgx4mbglqaESLd/+GoQJzWIQmnKiVN91Uu3lRGpGORTVQaYgJXRMhtA3VJAYlJfP7i/wmVFCHCXSlNB4pv6eyEms1CQOTGdM9EgtelPxP6+f6ejKy5lIMw2CzhdFGcc6wdMwcMgkUM0nhhAqmbkV0xExOWgTWdWE4C6+vEw6jbrr1N27i1qzUcZRQSfoFJ0jF12iJrpFLdRGFD2iZ/SK3qwn68V6tz7mrStWOXOE/sD6/AHRLpXt</latexit><latexit sha1_base64="kc0P0VGlo0FrytlaZ60bCnVzhW0=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBL0IBS8eK9gPaEPYbCbt0s0m7G6EEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBypnSjvNtrayurW9sVraq2zu7e/v2wWFHJZmk0KYJT2QvIAo4E9DWTHPopRJIHHDoBuObqd99AKlYIu71JAUvJkPBIkaJNpJvH4Mf42s89mEQSULzMCvyUBe+XXPqzgx4mbglqaESLd/+GoQJzWIQmnKiVN91Uu3lRGpGORTVQaYgJXRMhtA3VJAYlJfP7i/wmVFCHCXSlNB4pv6eyEms1CQOTGdM9EgtelPxP6+f6ejKy5lIMw2CzhdFGcc6wdMwcMgkUM0nhhAqmbkV0xExOWgTWdWE4C6+vEw6jbrr1N27i1qzUcZRQSfoFJ0jF12iJrpFLdRGFD2iZ/SK3qwn68V6tz7mrStWOXOE/sD6/AHRLpXt</latexit><latexit sha1_base64="kc0P0VGlo0FrytlaZ60bCnVzhW0=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBL0IBS8eK9gPaEPYbCbt0s0m7G6EEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBypnSjvNtrayurW9sVraq2zu7e/v2wWFHJZmk0KYJT2QvIAo4E9DWTHPopRJIHHDoBuObqd99AKlYIu71JAUvJkPBIkaJNpJvH4Mf42s89mEQSULzMCvyUBe+XXPqzgx4mbglqaESLd/+GoQJzWIQmnKiVN91Uu3lRGpGORTVQaYgJXRMhtA3VJAYlJfP7i/wmVFCHCXSlNB4pv6eyEms1CQOTGdM9EgtelPxP6+f6ejKy5lIMw2CzhdFGcc6wdMwcMgkUM0nhhAqmbkV0xExOWgTWdWE4C6+vEw6jbrr1N27i1qzUcZRQSfoFJ0jF12iJrpFLdRGFD2iZ/SK3qwn68V6tz7mrStWOXOE/sD6/AHRLpXt</latexit><latexit sha1_base64="kc0P0VGlo0FrytlaZ60bCnVzhW0=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEInkpSBL0IBS8eK9gPaEPYbCbt0s0m7G6EEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBypnSjvNtrayurW9sVraq2zu7e/v2wWFHJZmk0KYJT2QvIAo4E9DWTHPopRJIHHDoBuObqd99AKlYIu71JAUvJkPBIkaJNpJvH4Mf42s89mEQSULzMCvyUBe+XXPqzgx4mbglqaESLd/+GoQJzWIQmnKiVN91Uu3lRGpGORTVQaYgJXRMhtA3VJAYlJfP7i/wmVFCHCXSlNB4pv6eyEms1CQOTGdM9EgtelPxP6+f6ejKy5lIMw2CzhdFGcc6wdMwcMgkUM0nhhAqmbkV0xExOWgTWdWE4C6+vEw6jbrr1N27i1qzUcZRQSfoFJ0jF12iJrpFLdRGFD2iZ/SK3qwn68V6tz7mrStWOXOE/sD6/AHRLpXt</latexit>

ke = 2⇡aNB
<latexit sha1_base64="hpsrGIXP/UIjcdpG0JkdUoY+a4I=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQ9OJJKtgPaELYbKft0s0m7G6EEgpe/CtePCji1T/hzX/jps1BWx8MPN6bYWZemHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoOvfbDyAVi8W9HifgR2QgWJ9Roo0U2IejAPAlrnkJwwTfYi8iekgJz64mgV1xqs4UeJG4BamgAo3A/vJ6MU0jEJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNVSQCJSfTX+Y4BOj9HA/lqaExlP190RGIqXGUWg68xPVvJeL/3ndVPcv/IyJJNUg6GxRP+VYxzgPBPeYBKr52BBCJTO3YjokklBtYiubENz5lxdJq1Z1nap7d1ap14o4SugIHaNT5KJzVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz+iKZYx</latexit><latexit sha1_base64="hpsrGIXP/UIjcdpG0JkdUoY+a4I=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQ9OJJKtgPaELYbKft0s0m7G6EEgpe/CtePCji1T/hzX/jps1BWx8MPN6bYWZemHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoOvfbDyAVi8W9HifgR2QgWJ9Roo0U2IejAPAlrnkJwwTfYi8iekgJz64mgV1xqs4UeJG4BamgAo3A/vJ6MU0jEJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNVSQCJSfTX+Y4BOj9HA/lqaExlP190RGIqXGUWg68xPVvJeL/3ndVPcv/IyJJNUg6GxRP+VYxzgPBPeYBKr52BBCJTO3YjokklBtYiubENz5lxdJq1Z1nap7d1ap14o4SugIHaNT5KJzVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz+iKZYx</latexit><latexit sha1_base64="hpsrGIXP/UIjcdpG0JkdUoY+a4I=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQ9OJJKtgPaELYbKft0s0m7G6EEgpe/CtePCji1T/hzX/jps1BWx8MPN6bYWZemHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoOvfbDyAVi8W9HifgR2QgWJ9Roo0U2IejAPAlrnkJwwTfYi8iekgJz64mgV1xqs4UeJG4BamgAo3A/vJ6MU0jEJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNVSQCJSfTX+Y4BOj9HA/lqaExlP190RGIqXGUWg68xPVvJeL/3ndVPcv/IyJJNUg6GxRP+VYxzgPBPeYBKr52BBCJTO3YjokklBtYiubENz5lxdJq1Z1nap7d1ap14o4SugIHaNT5KJzVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz+iKZYx</latexit><latexit sha1_base64="hpsrGIXP/UIjcdpG0JkdUoY+a4I=">AAACA3icbVBNS8NAEN34WetX1JteFovgqSRF0ItQ9OJJKtgPaELYbKft0s0m7G6EEgpe/CtePCji1T/hzX/jps1BWx8MPN6bYWZemHCmtON8W0vLK6tr66WN8ubW9s6uvbffUnEqKTRpzGPZCYkCzgQ0NdMcOokEEoUc2uHoOvfbDyAVi8W9HifgR2QgWJ9Roo0U2IejAPAlrnkJwwTfYi8iekgJz64mgV1xqs4UeJG4BamgAo3A/vJ6MU0jEJpyolTXdRLtZ0RqRjlMyl6qICF0RAbQNVSQCJSfTX+Y4BOj9HA/lqaExlP190RGIqXGUWg68xPVvJeL/3ndVPcv/IyJJNUg6GxRP+VYxzgPBPeYBKr52BBCJTO3YjokklBtYiubENz5lxdJq1Z1nap7d1ap14o4SugIHaNT5KJzVEc3qIGaiKJH9Ixe0Zv1ZL1Y79bHrHXJKmYO0B9Ynz+iKZYx</latexit>

M
d2u

dt2
+B

du

dt
+ ku+ kei = fa(t)

<latexit sha1_base64="op/jjE05p8vH3Y5NY7uM3bL1Fwc=">AAACIHicbZDLSsNAFIYn9VbrrerSzWARKkJJglA3QtGNG6GCvUAvYTKZtEMnF2ZOhBL6KG58FTcuFNGdPo3TNgtt/WHg5zvncOb8biy4AtP8MnIrq2vrG/nNwtb2zu5ecf+gqaJEUtagkYhk2yWKCR6yBnAQrB1LRgJXsJY7up7WWw9MKh6F9zCOWS8gg5D7nBLQyClWb7u+JDT1+nYyST3o2xN8hq8yOEMajBINRw7j+BL7DinDqVMsmRVzJrxsrMyUUKa6U/zsehFNAhYCFUSpjmXG0EuJBE4FmxS6iWIxoSMyYB1tQxIw1UtnB07wiSYe9iOpXwh4Rn9PpCRQahy4ujMgMFSLtSn8r9ZJwL/opTyME2AhnS/yE4EhwtO0sMcloyDG2hAquf4rpkOiswGdaUGHYC2evGyadsUyK9bdealmZ3Hk0RE6RmVkoSqqoRtURw1E0SN6Rq/ozXgyXox342PemjOymUP0R8b3DzWwoaM=</latexit><latexit sha1_base64="op/jjE05p8vH3Y5NY7uM3bL1Fwc=">AAACIHicbZDLSsNAFIYn9VbrrerSzWARKkJJglA3QtGNG6GCvUAvYTKZtEMnF2ZOhBL6KG58FTcuFNGdPo3TNgtt/WHg5zvncOb8biy4AtP8MnIrq2vrG/nNwtb2zu5ecf+gqaJEUtagkYhk2yWKCR6yBnAQrB1LRgJXsJY7up7WWw9MKh6F9zCOWS8gg5D7nBLQyClWb7u+JDT1+nYyST3o2xN8hq8yOEMajBINRw7j+BL7DinDqVMsmRVzJrxsrMyUUKa6U/zsehFNAhYCFUSpjmXG0EuJBE4FmxS6iWIxoSMyYB1tQxIw1UtnB07wiSYe9iOpXwh4Rn9PpCRQahy4ujMgMFSLtSn8r9ZJwL/opTyME2AhnS/yE4EhwtO0sMcloyDG2hAquf4rpkOiswGdaUGHYC2evGyadsUyK9bdealmZ3Hk0RE6RmVkoSqqoRtURw1E0SN6Rq/ozXgyXox342PemjOymUP0R8b3DzWwoaM=</latexit><latexit sha1_base64="op/jjE05p8vH3Y5NY7uM3bL1Fwc=">AAACIHicbZDLSsNAFIYn9VbrrerSzWARKkJJglA3QtGNG6GCvUAvYTKZtEMnF2ZOhBL6KG58FTcuFNGdPo3TNgtt/WHg5zvncOb8biy4AtP8MnIrq2vrG/nNwtb2zu5ecf+gqaJEUtagkYhk2yWKCR6yBnAQrB1LRgJXsJY7up7WWw9MKh6F9zCOWS8gg5D7nBLQyClWb7u+JDT1+nYyST3o2xN8hq8yOEMajBINRw7j+BL7DinDqVMsmRVzJrxsrMyUUKa6U/zsehFNAhYCFUSpjmXG0EuJBE4FmxS6iWIxoSMyYB1tQxIw1UtnB07wiSYe9iOpXwh4Rn9PpCRQahy4ujMgMFSLtSn8r9ZJwL/opTyME2AhnS/yE4EhwtO0sMcloyDG2hAquf4rpkOiswGdaUGHYC2evGyadsUyK9bdealmZ3Hk0RE6RmVkoSqqoRtURw1E0SN6Rq/ozXgyXox342PemjOymUP0R8b3DzWwoaM=</latexit><latexit sha1_base64="op/jjE05p8vH3Y5NY7uM3bL1Fwc=">AAACIHicbZDLSsNAFIYn9VbrrerSzWARKkJJglA3QtGNG6GCvUAvYTKZtEMnF2ZOhBL6KG58FTcuFNGdPo3TNgtt/WHg5zvncOb8biy4AtP8MnIrq2vrG/nNwtb2zu5ecf+gqaJEUtagkYhk2yWKCR6yBnAQrB1LRgJXsJY7up7WWw9MKh6F9zCOWS8gg5D7nBLQyClWb7u+JDT1+nYyST3o2xN8hq8yOEMajBINRw7j+BL7DinDqVMsmRVzJrxsrMyUUKa6U/zsehFNAhYCFUSpjmXG0EuJBE4FmxS6iWIxoSMyYB1tQxIw1UtnB07wiSYe9iOpXwh4Rn9PpCRQahy4ujMgMFSLtSn8r9ZJwL/opTyME2AhnS/yE4EhwtO0sMcloyDG2hAquf4rpkOiswGdaUGHYC2evGyadsUyK9bdealmZ3Hk0RE6RmVkoSqqoRtURw1E0SN6Rq/ozXgyXox342PemjOymUP0R8b3DzWwoaM=</latexit>

fm = kei
<latexit sha1_base64="MBrbhMW75DEalGFlaJUgnzH/BZk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9CIUvHisYD+wDWGznbRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7tlHf39g8OK0fHbZ1kimGLJSJR3ZBqFFxiy3AjsJsqpHEosBOOb2d+5wmV5ol8MJMU/ZgOJY84o8ZKj1EQkxsyDpAHlapbc+cgq8QrSBUKNIPKV3+QsCxGaZigWvc8NzV+TpXhTOC03M80ppSN6RB7lkoao/bz+cVTcm6VAYkSZUsaMld/T+Q01noSh7Yzpmakl72Z+J/Xy0x07edcpplByRaLokwQk5DZ+2TAFTIjJpZQpri9lbARVZQZG1LZhuAtv7xK2vWa59a8+8tqo17EUYJTOIML8OAKGnAHTWgBAwnP8ApvjnZenHfnY9G65hQzJ/AHzucPfimQFQ==</latexit><latexit sha1_base64="MBrbhMW75DEalGFlaJUgnzH/BZk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9CIUvHisYD+wDWGznbRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7tlHf39g8OK0fHbZ1kimGLJSJR3ZBqFFxiy3AjsJsqpHEosBOOb2d+5wmV5ol8MJMU/ZgOJY84o8ZKj1EQkxsyDpAHlapbc+cgq8QrSBUKNIPKV3+QsCxGaZigWvc8NzV+TpXhTOC03M80ppSN6RB7lkoao/bz+cVTcm6VAYkSZUsaMld/T+Q01noSh7Yzpmakl72Z+J/Xy0x07edcpplByRaLokwQk5DZ+2TAFTIjJpZQpri9lbARVZQZG1LZhuAtv7xK2vWa59a8+8tqo17EUYJTOIML8OAKGnAHTWgBAwnP8ApvjnZenHfnY9G65hQzJ/AHzucPfimQFQ==</latexit><latexit sha1_base64="MBrbhMW75DEalGFlaJUgnzH/BZk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9CIUvHisYD+wDWGznbRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7tlHf39g8OK0fHbZ1kimGLJSJR3ZBqFFxiy3AjsJsqpHEosBOOb2d+5wmV5ol8MJMU/ZgOJY84o8ZKj1EQkxsyDpAHlapbc+cgq8QrSBUKNIPKV3+QsCxGaZigWvc8NzV+TpXhTOC03M80ppSN6RB7lkoao/bz+cVTcm6VAYkSZUsaMld/T+Q01noSh7Yzpmakl72Z+J/Xy0x07edcpplByRaLokwQk5DZ+2TAFTIjJpZQpri9lbARVZQZG1LZhuAtv7xK2vWa59a8+8tqo17EUYJTOIML8OAKGnAHTWgBAwnP8ApvjnZenHfnY9G65hQzJ/AHzucPfimQFQ==</latexit><latexit sha1_base64="MBrbhMW75DEalGFlaJUgnzH/BZk=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9CIUvHisYD+wDWGznbRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzwlRwbVz321lb39jc2i7tlHf39g8OK0fHbZ1kimGLJSJR3ZBqFFxiy3AjsJsqpHEosBOOb2d+5wmV5ol8MJMU/ZgOJY84o8ZKj1EQkxsyDpAHlapbc+cgq8QrSBUKNIPKV3+QsCxGaZigWvc8NzV+TpXhTOC03M80ppSN6RB7lkoao/bz+cVTcm6VAYkSZUsaMld/T+Q01noSh7Yzpmakl72Z+J/Xy0x07edcpplByRaLokwQk5DZ+2TAFTIjJpZQpri9lbARVZQZG1LZhuAtv7xK2vWa59a8+8tqo17EUYJTOIML8OAKGnAHTWgBAwnP8ApvjnZenHfnY9G65hQzJ/AHzucPfimQFQ==</latexit>

�eo + em � L
di

dt
= 0
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94 CHAPTER 1 FUNDAMENTALS OF VIBRATION

1.21 Figure 1.77 shows a U-tube manometer open at both ends and containing a column of liquid

mercury of length l and specific weight Considering a small displacement x of the

manometer meniscus from its equilibrium position (or datum), determine the equivalent

spring constant associated with the restoring force.

g.

k2

k1

mg

O

l 
4

l 
2

l

FIGURE 1.76 Rigid bar connected by
springs.

x

Datum

Area, A

x

FIGURE 1.77 U-tube
manometer.

mk3 k4

k1 k2

d2

x0

d3 d3 d4

FIGURE 1.75 Mass connected by springs.
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300 CHAPTER 6 Electrical and Electromechanical Systems

Note that if the applied voltage vi is constant, the system will reach a steady-state in which
the pointer comes to rest. At steady-state, θ̇ = di/dt = 0, and equation (4) gives

i = vi

R

and equation (3) gives

θ = nBLri
kT

= nBLrvi
RkT

This equation can be used to calibrate the device by relating the pointer displacement θ to either
the measured current i or the measured voltage vi .

DC MOTORS

There are many types of electric motors, but the two main categories are direct current
(dc) motors and alternating current (ac) motors. Within the dc motor category there
are the armature-controlled motor and the field-controlled motor.

The basic elements of a motor, like that shown in Figure 6.4.3, are the stator, the
rotor, the armature, and the commutator. The stator is stationary and provides the mag-
netic field. The rotor is an iron core that is supported by bearings and is free to rotate.
The coils are attached to the rotor, and the combined unit is called the armature. A
dc motor operates on the same principles as a D’Arsonval meter, but the design of a
practical dc motor requires the solution of the problems caused by the fact that the coils
must be free to rotate continually. As a coil rotates through 180◦ the torque will reverse
direction unless the current can be made to reverse direction also. In addition, a means
must be found to maintain electrical contact between the rotating coil and the power
supply leads. A solution is provided by the commutator, which is a pair of electrically
conducting, spring-loaded carbon sticks (called brushes) that slide on the armature and
transfer power to the coil contacts.

The stator may be a permanent magnet or an electromagnet with its own separate
power supply, which creates additional cost. It is now possible to manufacture perma-
nent magnets of high field intensity and armatures of low inertia so that permanent-
magnet motors with a high torque-to-inertia ratio are now available.

Figure 6.4.3 Cutaway view of
a permanent magnet motor.

Power
supply

Stator (magnet)

Armature winding

Commutator
Brush

Rotor

Bearing

Duas versões:
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Te =

✓
�(iF )

A

◆
la iA

<latexit sha1_base64="ppmXbL4COeHYt2wluToPS/NN3uo=">AAACGXicbVDLSgNBEJz1bXxFPXoZDEJyCbshEC9CgiAeFcwDsmGZnfQmQ2YfzPQKYclvePFXvHhQxKOe/BsnMQdNLGgoqrrp7vITKTTa9pe1srq2vrG5tZ3b2d3bP8gfHrV0nCoOTR7LWHV8pkGKCJooUEInUcBCX0LbH11O/fY9KC3i6A7HCfRCNohEIDhDI3l5+84DekFdCQEW3UAxnrnJUBSFd1WaZI2Jq8RgiCVJGaUuFV7Dyxfssj0DXSbOnBTIHDde/sPtxzwNIUIumdZdx06wlzGFgkuY5NxUQ8L4iA2ga2jEQtC9bPbZhJ4ZpU+DWJmKkM7U3xMZC7Ueh77pDBkO9aI3Ff/zuikG571MREmKEPGfRUEqKcZ0GhPtCwUc5dgQxpUwt1I+ZCYeNGHmTAjO4svLpFUpO9Vy7bZaqFfmcWyRE3JKisQhNVIn1+SGNAknD+SJvJBX69F6tt6s95/WFWs+c0z+wPr8Bp45nsM=</latexit>

se f (iF) constante: 

Te = keiA

<latexit sha1_base64="yBi/3cHpgQ9PzlODca7i9AasMQ8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQLwIES8eI+QFybLMTnqTIbMPZ2YDIeQ7vHhQxKsf482/cZLsQRMLuimqupme8hPBlbbtbyu3tb2zu5ffLxwcHh2fFE/P2ipOJcMWi0Usuz5VKHiELc21wG4ikYa+wI4/vl/4nQlKxeOoqacJuiEdRjzgjGojuU0PyS0Zm869O69Yssv2EmSTOBkpQYaGV/zqD2KWhhhpJqhSPcdOtDujUnMmcF7opwoTysZ0iD1DIxqicmfLo+fkyigDEsTSVKTJUv29MaOhUtPQN5Mh1SO17i3E/7xeqoMbd8ajJNUYsdVDQSqIjskiATLgEpkWU0Mok9zcStiISsq0yalgQnDWv7xJ2pWyUy3XHquleiWLIw8XcAnX4EAN6vAADWgBgyd4hld4sybWi/VufaxGc1a2cw5/YH3+APT3kOM=</latexit>

em =

✓
�(iF )

A

◆
la
d✓

dt

<latexit sha1_base64="KnrTQx5EJVHqjey2QOFaTBGtsoI="></latexit>

em = ke
d✓

dt

<latexit sha1_base64="Kvm8cHQrpkkDQe8G0l6y9ihhhRk=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMhEC9CwIvHCGaBJAw9PTVJk56F7hohDLl48Ve8eFDEq//gzb+xsxw08UHB470qqur5qRQaHefbWlvf2NzaLuwUd/f2Dw7to+OWTjLFockTmaiOzzRIEUMTBUropApY5Eto+6Obqd9+AKVFEt/jOIV+xAaxCAVnaCTPPgMvotd05EEvVIznAe3hEJBN8gAnnl1yys4MdJW4C1IiCzQ8+6sXJDyLIEYumdZd10mxnzOFgkuYFHuZhpTxERtA19CYRaD7+eyLCb0wSkDDRJmKkc7U3xM5i7QeR77pjBgO9bI3Ff/zuhmGV/1cxGmGEPP5ojCTFBM6jYQGQgFHOTaEcSXMrZQPmUkDTXBFE4K7/PIqaVXKbrVcu6uW6pVFHAVySs7JJXFJjdTJLWmQJuHkkTyTV/JmPVkv1rv1MW9dsxYzJ+QPrM8fG3CYUA==</latexit>

F ¼ q Eþ q v#Bð Þ ð8:1Þ

The electric field in the vicinity of the current loop is negligible, so the force is
derived from interactions of charge with the magnetic field. Positive charge motion
is in the direction of positive current flow (in reality, electrons are moving in the
opposite direction). Thus, in the position shown, a positive charge on the left branch
of the loop will experience a force q (v#B) in the upward direction. A positive
charge moving in the right branch of the loop will similarly experience a force in the
downward direction. In the other loop branches, the velocity of the charges is
parallel to the magnetic field, so the charges experience no force. When the charges
are integrated (added), the forces on the left and right branches of the loop have a
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Fig. 8.1 A single current-carrying loop in a magnetic field, where i is the current, B is the
magnetic field vector, and r is the wire loop radius. The forces developed in the loop, F, are shown
in (a) and the source of back-emf, Fb, is shown in (b)
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_

+

_

+
eA

RA LA
eM

iA

Rotor - Elétrico

I

X

I

eI = 0

<latexit sha1_base64="78mH87/bivuhddS4YPmlAxxryF8=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiSlUDdCwY3uKtgHNCFMJrft0MmDmYkQQldu/BU3LhRx6ze482+ctllo64ELh3Pu5d57/IQzqSzr2yitrW9sbpW3Kzu7e/sH5uFRV8apoNChMY9F3ycSOIugo5ji0E8EkNDn0PMn1zO/9wBCsji6V1kCbkhGERsySpSWPPPUCZhMOMmkyjjkjkxD7xaDritsTT2zatWsOfAqsQtSRQXanvnlBDFNQ4gU5UTKgW0lys2JUIxymFacVEJC6ISMYKBpREKQbj5/Y4rPtRLgYSx0RQrP1d8TOQmlzEJfd4ZEjeWyNxP/8wapGl66OYuSVEFEF4uGKccqxrNMcMAEUMUzTQgVTN+K6ZgIQpVOrqJDsJdfXiXdes1u1Jp3jWqrXsRRRifoDF0gGzVRC92gNuogih7RM3pFb8aT8WK8Gx+L1pJRzByjPzA+fwCJKJh1</latexit>

LF
RF

iF
+- eF

Estator - Elétrico

I

//\\//
\\//\\

//\\\/
/\\//\

\\\

Te

w
TL

B
J

Rotor - Mecânico

X
T = J ✓̈

<latexit sha1_base64="BCIeJ+knYkEIzqPdez0g2Cdjruo=">AAACEHicbVDJSgNBEO1xjXGLevTSGERPYSYE4kUIeBFPEbJBJoSenkrSpGehu0YYhnyCF3/FiwdFvHr05t/YWQ6a+KDg8V4VVfW8WAqNtv1tra1vbG5t53byu3v7B4eFo+OWjhLFockjGamOxzRIEUITBUroxApY4Eloe+Obqd9+AKVFFDYwjaEXsGEoBoIzNFK/cOH6QseSpRpTCZmrk4A26DW9o67vR5i5OAJkk0m/ULRL9gx0lTgLUiQL1PuFL9ePeBJAiFwyrbuOHWMvYwoFlzDJu4mGmPExG0LX0JAFoHvZ7KEJPTeKTweRMhUinam/JzIWaJ0GnukMGI70sjcV//O6CQ6uepkI4wQh5PNFg0RSjOg0HeoLBRxlagjjSphbKR8xxTiaDPMmBGf55VXSKpecSql6XynWyos4cuSUnJFL4pAqqZFbUidNwskjeSav5M16sl6sd+tj3rpmLWZOyB9Ynz/4ap0j</latexit>

Te �B✓̇ � TL = J ✓̈

<latexit sha1_base64="P5sWWOk7L2tcPT9IoBrvrKVT0sk=">AAACFHicbVDLSgMxFM34rPVVdekmWARBLDOlUDdC0Y2Iiwp9QVuGTHrbhmYeJHeEMvQj3Pgrblwo4taFO//G9LGorQcCJ+fce5N7vEgKjbb9Y62srq1vbKa20ts7u3v7mYPDmg5jxaHKQxmqhsc0SBFAFQVKaEQKmO9JqHuDm7FffwSlRRhUcBhB22e9QHQFZ2gkN3NecYFe0OtWJ8SkhX1ANjL3intPr+gdbXXmdDeTtXP2BHSZODOSJTOU3cy3GctjHwLkkmnddOwI2wlTKLiEUboVa4gYH7AeNA0NmA+6nUyWGtFTo3RoN1TmBEgn6nxHwnyth75nKn2Gfb3ojcX/vGaM3ct2IoIoRgj49KFuLCmGdJwQ7QgFHOXQEMaVMH+lvM8U42hyTJsQnMWVl0ktn3MKueJDIVvKz+JIkWNyQs6IQ4qkRG5JmVQJJ0/khbyRd+vZerU+rM9p6Yo16zkif2B9/QIClpzr</latexit>

Cont. …

�eA +RAiA + LA
diA
dt

+ eM = 0

<latexit sha1_base64="B/WRA+TXqC8xTxSVQl1tpcV219A=">AAACFXicbZDLSgMxFIYz9VbrbdSlm2ARBLXMlELdCC1uXChUsRdoy5DJnGlDMxeSjFCGvoQbX8WNC0XcCu58G9PLQlt/CHz5zzkk53djzqSyrG8js7S8srqWXc9tbG5t75i7ew0ZJYJCnUY8Ei2XSOAshLpiikMrFkACl0PTHVyO680HEJJF4b0axtANSC9kPqNEacsxT8/AqeITfOdU2QSunWrHF4Smnr6PUk+NtAnODb7AlmPmrYI1EV4EewZ5NFPNMb86XkSTAEJFOZGybVux6qZEKEY5jHKdREJM6ID0oK0xJAHIbjrZaoSPtONhPxL6hApP3N8TKQmkHAau7gyI6sv52tj8r9ZOlH/eTVkYJwpCOn3ITzhWER5HhD0mgCo+1ECoYPqvmPaJzkTpIHM6BHt+5UVoFAt2qVC+LeUrxVkcWXSADtExslEZVdAVqqE6ougRPaNX9GY8GS/Gu/Exbc0Ys5l99EfG5w8bDJui</latexit>

�eF +RF iF + LF
diF
dt

= 0

<latexit sha1_base64="zxUxCq5s96gPBmArtRqpPROwet4=">AAACD3icbZBNS8MwGMfT+TbnW9Wjl+BQBHG0YzAvwkAYHjxMcS+wlZKm6RaWpiVJhVH2Dbz4Vbx4UMSrV29+G7OuB53+IfDL/3kekufvxYxKZVlfRmFpeWV1rbhe2tjc2t4xd/c6MkoEJm0csUj0PCQJo5y0FVWM9GJBUOgx0vXGl7N6954ISSN+pyYxcUI05DSgGCltuebxGXGb8BTeuk2awbXbHAQC4dTX92nqqym8gJZrlq2KlQn+BTuHMsjVcs3PgR/hJCRcYYak7NtWrJwUCUUxI9PSIJEkRniMhqSvkaOQSCfN9pnCI+34MIiEPlzBzP05kaJQykno6c4QqZFcrM3M/2r9RAXnTkp5nCjC8fyhIGFQRXAWDvSpIFixiQaEBdV/hXiEdBpKR1jSIdiLK/+FTrVi1yr1m1q5Uc3jKIIDcAhOgA3qoAGuQAu0AQYP4Am8gFfj0Xg23oz3eWvByGf2wS8ZH9/XqpoD</latexit>
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J ✓̈ +B✓̇ = Te � TL

<latexit sha1_base64="HkMJt/TSxDggOZRXkCw9naLu/tc=">AAACE3icbVDLSgMxFM3UV62vqks3wSKIYpkphboRim5EXFToC9pSMultG5p5kNwRytB/cOOvuHGhiFs37vwb08eith5IODnn3iT3uKEUGm37x0qsrK6tbyQ3U1vbO7t76f2Dqg4ixaHCAxmouss0SOFDBQVKqIcKmOdKqLmDm7FfewSlReCXcRhCy2M9X3QFZ2ikdvrsrtnpBBg3sQ/IRvScXjfnz1e03AZ6Yfb7djpjZ+0J6DJxZiRDZii109/mKh554COXTOuGY4fYiplCwSWMUs1IQ8j4gPWgYajPPNCteDLTiJ4YpUO7gTLLRzpR5zti5mk99FxT6THs60VvLP7nNSLsXrZi4YcRgs+nD3UjSTGg44BoRyjgKIeGMK6E+SvlfaYYRxNjyoTgLI68TKq5rJPPFh7ymWJuFkeSHJFjckocUiBFcktKpEI4eSIv5I28W8/Wq/VhfU5LE9as55D8gfX1C8F6nL8=</latexit>

Cont. …

Antes de prosseguirmos com a análise, vamos reorganizar as equações e  realizar
uma análise sob o ponto de vista sistêmico. Então temos

H✓,T (s) =
⇥(s)

TL(s)

<latexit sha1_base64="9sNdPW+DYm6HwO6VLuWtQnqZNkg=">AAACE3icbZDLSgMxFIYz9VbrbdSlm2ARqkiZKYW6EQpuunBRoTfolCGTZtrQzIXkjFCGvoMbX8WNC0XcunHn25hpu9DqgZCf7z+H5PxeLLgCy/oycmvrG5tb+e3Czu7e/oF5eNRRUSIpa9NIRLLnEcUED1kbOAjWiyUjgSdY15vcZH73nknFo7AF05gNAjIKuc8pAY1c86Lhpg6MGZDL1qykzvE1dnxJaOq0MqjJLG25t9ntmkWrbM0L/xX2UhTRspqu+ekMI5oELAQqiFJ924phkBIJnAo2KziJYjGhEzJifS1DEjA1SOc7zfCZJkPsR1KfEPCc/pxISaDUNPB0Z0BgrFa9DP7n9RPwrwYpD+MEWEgXD/mJwBDhLCA85JJREFMtCJVc/xXTMdGRgI6xoEOwV1f+KzqVsl0t1+6qxXplGUcenaBTVEI2qqE6aqAmaiOKHtATekGvxqPxbLwZ74vWnLGcOUa/yvj4Bt3WnNw=</latexit>

H✓,E(s) =
⇥(s)

EA(s)

<latexit sha1_base64="pxWeXogvgzohGyupcJNp0FdFB4k=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAIVaTMlELdCBUpdFmhN+iUIZNm2tDMheSMUIa+gxtfxY0LRdy6cefbmGm70OqBkJ/vP4fk/G4kuALT/DIya+sbm1vZ7dzO7t7+Qf7wqKPCWFLWpqEIZc8ligkesDZwEKwXSUZ8V7CuO7lN/e49k4qHQQumERv4ZBRwj1MCGjn5i4aT2DBmQC7rs6I6x9fY9iShid1KoSazpO7cpLeTL5glc174r7CWooCW1XTyn/YwpLHPAqCCKNW3zAgGCZHAqWCznB0rFhE6ISPW1zIgPlODZL7TDJ9pMsReKPUJAM/pz4mE+EpNfVd3+gTGatVL4X9ePwbvapDwIIqBBXTxkBcLDCFOA8JDLhkFMdWCUMn1XzEdEx0J6BhzOgRrdeW/olMuWZVS9a5SqJWXcWTRCTpFRWShKqqhBmqiNqLoAT2hF/RqPBrPxpvxvmjNGMuZY/SrjI9vnVucsw==</latexit>

EA(s)

<latexit sha1_base64="Cop7XYa1i2bSOVke0EVSiiPddws=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjRQSPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxRpZkUD2YaUz/CI8FCRrCxUvt2cF3Wl4Niya24C6B14mWkBBmag+JXfyhJElFhCMda9zw3Nn6KlWGE01mhn2gaYzLBI9qzVOCIaj9dXDtDF1YZolAqW8Kghfp7IsWR1tMosJ0RNmO96s3F/7xeYsIrP2UiTgwVZLkoTDgyEs1fR0OmKDF8agkmitlbERljhYmxARVsCN7qy+ukXa14tUr9vlZqVLM48nAG51AGD+rQgDtoQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBb/mOWQ==</latexit>

TL(s)

<latexit sha1_base64="2w0shZMqhThAKzHYNU2D7jb9e5g=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXArEM2FhYRMgXJEfY2+wla/Z2j909IRz5DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47reT29re2d3L7xcODo+OT4qnZx0tE0Vom0guVS/AmnImaNsww2kvVhRHAafdYHq78LtPVGkmRcvMYupHeCxYyAg2Vuq0hvdlfT0sltyKuwTaJF5GSpChOSx+DUaSJBEVhnCsdd9zY+OnWBlGOJ0XBommMSZTPKZ9SwWOqPbT5bVzdGWVEQqlsiUMWqq/J1IcaT2LAtsZYTPR695C/M/rJya88VMm4sRQQVaLwoQjI9HidTRiihLDZ5Zgopi9FZEJVpgYG1DBhuCtv7xJOtWKV6vUH2qlRjWLIw8XcAll8KAODbiDJrSBwCM8wyu8OdJ5cd6dj1VrzslmzuEPnM8fl82Ocw==</latexit>

⇥(s)

<latexit sha1_base64="UkvGkXP9duEDQ+KboVb3nETEU/4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2E3BOIx4MVjhDyUZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuChPBDXret5Pb2t7Z3cvvFw4Oj45PiqdnHROnmkGbxSLWDyE1ILiCNnIU8JBooDIU0A0ntwu/+wTa8Fi1cJpAIOlI8YgzilZ67LfGgLRsrgfFklfxlnA3iZ+REsnQHBS/+sOYpRIUMkGN6flegsGMauRMwLzQTw0klE3oCHqWKirBBLPlwXP3yipDN4q1LYXuUv09MaPSmKkMbaekODbr3kL8z+ulGN0EM66SFEGx1aIoFS7G7uJ7d8g1MBRTSyjT3N7qsjHVlKHNqGBD8Ndf3iSdasWvVer3tVKjmsWRJxfkkpSJT+qkQe5Ik7QJI5I8k1fy5mjnxXl3PlatOSebOSd/4Hz+ABEaj+Q=</latexit>

H✓,E(s)

<latexit sha1_base64="yl9M6E853FxK4hvKBKhcQJqxF2w=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIFaQkpVCPBRF6rGA/oA1hs922SzebsDsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84JYcA2O823ltrZ3dvfy+4WDw6Pjon1y2tFRoihr00hEqhcQzQSXrA0cBOvFipEwEKwbTG8XfveRKc0j+QCzmHkhGUs+4pSAkXy72PTTAUwYkOu7eVlf+XbJqThL4E3iZqSEMrR8+2swjGgSMglUEK37rhODlxIFnAo2LwwSzWJCp2TM+oZKEjLtpcvD5/jSKEM8ipQpCXip/p5ISaj1LAxMZ0hgote9hfif109gdOOlXMYJMElXi0aJwBDhRQp4yBWjIGaGEKq4uRXTCVGEgsmqYEJw11/eJJ1qxa1V6ve1UqOaxZFH5+gClZGL6qiBmqiF2oiiBD2jV/RmPVkv1rv1sWrNWdnMGfoD6/MH0cWSgQ==</latexit>

H✓,T (s)

<latexit sha1_base64="Wh8WgabWrs0P6BT06EVPdpFbnss=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEIFaQkpVCPBS89VugXtCFsttt26WYTdidCDf0lXjwo4tWf4s1/47bNQVsfDDzem2FmXhALrsFxvq3czu7e/kH+sHB0fHJatM/OuzpKFGUdGolI9QOimeCSdYCDYP1YMRIGgvWC2f3S7z0ypXkk2zCPmReSieRjTgkYybeLTT8dwpQBuW0vyvrGt0tOxVkBbxM3IyWUoeXbX8NRRJOQSaCCaD1wnRi8lCjgVLBFYZhoFhM6IxM2MFSSkGkvXR2+wNdGGeFxpExJwCv190RKQq3nYWA6QwJTvektxf+8QQLjOy/lMk6ASbpeNE4EhggvU8AjrhgFMTeEUMXNrZhOiSIUTFYFE4K7+fI26VYrbq1Sf6iVGtUsjjy6RFeojFxURw3URC3UQRQl6Bm9ojfryXqx3q2PdWvOymYu0B9Ynz/ovZKQ</latexit>

⇥(s) = H✓,E(s)EA(s) +H✓,TTL(s)

<latexit sha1_base64="TJkdNPJkwfkKYJbH7bPjxEanv4c=">AAACH3icbZBNS0JBFIbn2pfZl9WyzZAERiH3imSbwAjBRQsDv0DlMnccdXDuBzPnBnLxn7Tpr7RpUUS08980V12Y9sLAO885h5nzOoHgCkxzaiQ2Nre2d5K7qb39g8Oj9PFJQ/mhpKxOfeHLlkMUE9xjdeAgWCuQjLiOYE1n9BDXm89MKu57NRgHrOuSgcf7nBLQyE7fdGpDBiSrLvEdrthRB+LrdXmiSdm+j/nVEq9NavajhnY6Y+bMmfC6sRYmgxaq2umfTs+nocs8oIIo1bbMALoRkcCpYJNUJ1QsIHREBqytrUdcprrRbL8JvtCkh/u+1McDPKPLExFxlRq7ju50CQzVai2G/9XaIfRvuxH3ghCYR+cP9UOBwcdxWLjHJaMgxtoQKrn+K6ZDIgkFHWlKh2CtrrxuGvmcVcgVnwqZUn4RRxKdoXOURRYqohKqoCqqI4pe0Bv6QJ/Gq/FufBnf89aEsZg5RX9kTH8BTU+gAg==</latexit>

EA(s)

<latexit sha1_base64="Cop7XYa1i2bSOVke0EVSiiPddws=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjRQSPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxRpZkUD2YaUz/CI8FCRrCxUvt2cF3Wl4Niya24C6B14mWkBBmag+JXfyhJElFhCMda9zw3Nn6KlWGE01mhn2gaYzLBI9qzVOCIaj9dXDtDF1YZolAqW8Kghfp7IsWR1tMosJ0RNmO96s3F/7xeYsIrP2UiTgwVZLkoTDgyEs1fR0OmKDF8agkmitlbERljhYmxARVsCN7qy+ukXa14tUr9vlZqVLM48nAG51AGD+rQgDtoQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBb/mOWQ==</latexit>

⇥(s)

<latexit sha1_base64="UkvGkXP9duEDQ+KboVb3nETEU/4=">AAAB8HicbVDLSgNBEJyNrxhfUY9eFoMQL2E3BOIx4MVjhDyUZAmzk95kyMzsMtMrhJCv8OJBEa9+jjf/xkmyB00saCiquunuChPBDXret5Pb2t7Z3cvvFw4Oj45PiqdnHROnmkGbxSLWDyE1ILiCNnIU8JBooDIU0A0ntwu/+wTa8Fi1cJpAIOlI8YgzilZ67LfGgLRsrgfFklfxlnA3iZ+REsnQHBS/+sOYpRIUMkGN6flegsGMauRMwLzQTw0klE3oCHqWKirBBLPlwXP3yipDN4q1LYXuUv09MaPSmKkMbaekODbr3kL8z+ulGN0EM66SFEGx1aIoFS7G7uJ7d8g1MBRTSyjT3N7qsjHVlKHNqGBD8Ndf3iSdasWvVer3tVKjmsWRJxfkkpSJT+qkQe5Ik7QJI5I8k1fy5mjnxXl3PlatOSebOSd/4Hz+ABEaj+Q=</latexit>

IA(s)

<latexit sha1_base64="4uPaYQCQDS+inXN+U55bgxvpx5g=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjxYveKtgPaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aWuZKEJbRHKpugHWlDNBW4YZTruxojgKOO0Ek5u533miSjMpHsw0pn6ER4KFjGBjpfbd4LqsLwfFkltxF0DrxMtICTI0B8Wv/lCSJKLCEI617nlubPwUK8MIp7NCP9E0xmSCR7RnqcAR1X66uHaGLqwyRKFUtoRBC/X3RIojradRYDsjbMZ61ZuL/3m9xIRXfspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1rxapX6fa3UqGZx5OEMzqEMHtShAbfQhBYQeIRneIU3RzovzrvzsWzNOdnMKfyB8/kDdh2OXQ==</latexit>

IA(s)

EA(s)

<latexit sha1_base64="FUwvZKJlzHN7LCL8bkBFfgWYNB4=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2AR6qbMlEJdVkTQXQX7gHYomTTThmYyQ5IRylDwV9y4UMSt3+HOvzFtZ6GtBy73cM695Ob4MWdKO863lVtb39jcym8Xdnb39g/sw6OWihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3x9cxvP1KpWCQe9CSmXoiHggWMYG2kvn3SCyQm6V3/qqQupunNovftolN25kCrxM1IETI0+vZXbxCRJKRCE46V6rpOrL0US80Ip9NCL1E0xmSMh7RrqMAhVV46P3+Kzo0yQEEkTQmN5urvjRSHSk1C30yGWI/UsjcT//O6iQ4uvZSJONFUkMVDQcKRjtAsCzRgkhLNJ4ZgIpm5FZERNnlok1jBhOAuf3mVtCplt1qu3VeL9UoWRx5O4QxK4EIN6nALDWgCgRSe4RXerCfrxXq3PhajOSvbOYY/sD5/ANCzlLU=</latexit>

EF (s)

<latexit sha1_base64="xJcyPX2caqVhjZGofqw0RKajBZk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjQRSPFewHtEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftLVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyfXc7zxRpZkUD2YaUz/CI8FCRrCxUvtmcFvWl4Niya24C6B14mWkBBmag+JXfyhJElFhCMda9zw3Nn6KlWGE01mhn2gaYzLBI9qzVOCIaj9dXDtDF1YZolAqW8Kghfp7IsWR1tMosJ0RNmO96s3F/7xeYsIrP2UiTgwVZLkoTDgyEs1fR0OmKDF8agkmitlbERljhYmxARVsCN7qy+ukXa14tUr9vlZqVLM48nAG51AGD+rQgDtoQgsIPMIzvMKbI50X5935WLbmnGzmFP7A+fwBd5yOXg==</latexit>

IF (s)

<latexit sha1_base64="NzflXp1TpTDdUoRJS0CIU3RF3hA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjQRC9VbAf0C4lm2bb2GyyJFmhLP0PXjwo4tX/481/Y9ruQVsfDDzem2FmXhBzpo3rfju5jc2t7Z38bmFv/+DwqHh80tYyUYS2iORSdQOsKWeCtgwznHZjRXEUcNoJJtdzv/NElWZSPJhpTP0IjwQLGcHGSu27wU1ZXw6KJbfiLoDWiZeREmRoDopf/aEkSUSFIRxr3fPc2PgpVoYRTmeFfqJpjMkEj2jPUoEjqv10ce0MXVhliEKpbAmDFurviRRHWk+jwHZG2Iz1qjcX//N6iQmv/JSJODFUkOWiMOHISDR/HQ2ZosTwqSWYKGZvRWSMFSbGBlSwIXirL6+TdrXi1Sr1+1qpUc3iyMMZnEMZPKhDA26hCS0g8AjP8ApvjnRenHfnY9mac7KZU/gD5/MHfcCOYg==</latexit>

IF (s)

EF (s)

<latexit sha1_base64="Po1qAfTmFp4nMr63kWQKp4Y4dCI=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2AR6qbMlEJdFkTRXQX7gHYomTTThmYyQ5IRylDwV9y4UMSt3+HOvzFtZ6GtBy73cM695Ob4MWdKO863lVtb39jcym8Xdnb39g/sw6OWihJJaJNEPJIdHyvKmaBNzTSnnVhSHPqctv3x1cxvP1KpWCQe9CSmXoiHggWMYG2kvn3SCyQm6V3/pqQupun1ovftolN25kCrxM1IETI0+vZXbxCRJKRCE46V6rpOrL0US80Ip9NCL1E0xmSMh7RrqMAhVV46P3+Kzo0yQEEkTQmN5urvjRSHSk1C30yGWI/UsjcT//O6iQ4uvZSJONFUkMVDQcKRjtAsCzRgkhLNJ4ZgIpm5FZERNnlok1jBhOAuf3mVtCplt1qu3VeL9UoWRx5O4QxK4EIN6nALDWgCgRSe4RXerCfrxXq3PhajOSvbOYY/sD5/AOArlL8=</latexit>

Te(s)

<latexit sha1_base64="x2gQEM/xjePPU0X4G1+Txrae1vw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDiJeyGQDwGvHiMkBckS5id9CZjZmeXmVkhhPyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXkAiujet+O1vbO7t7+7mD/OHR8clp4ey8reNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3cLvPKHSPJZNM03Qj+hI8pAzaqzUbg6wpG8GhaJbdpcgm8TLSBEyNAaFr/4wZmmE0jBBte55bmL8GVWGM4HzfD/VmFA2oSPsWSpphNqfLa+dk2urDEkYK1vSkKX6e2JGI62nUWA7I2rGet1biP95vdSEt/6MyyQ1KNlqUZgKYmKyeJ0MuUJmxNQSyhS3txI2pooyYwPK2xC89Zc3SbtS9qrl2kO1WK9kceTgEq6gBB7UoA730IAWMHiEZ3iFNyd2Xpx352PVuuVkMxfwB87nD738jow=</latexit>

TL(s)

<latexit sha1_base64="2w0shZMqhThAKzHYNU2D7jb9e5g=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoMQm3AXArEM2FhYRMgXJEfY2+wla/Z2j909IRz5DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47reT29re2d3L7xcODo+OT4qnZx0tE0Vom0guVS/AmnImaNsww2kvVhRHAafdYHq78LtPVGkmRcvMYupHeCxYyAg2Vuq0hvdlfT0sltyKuwTaJF5GSpChOSx+DUaSJBEVhnCsdd9zY+OnWBlGOJ0XBommMSZTPKZ9SwWOqPbT5bVzdGWVEQqlsiUMWqq/J1IcaT2LAtsZYTPR695C/M/rJya88VMm4sRQQVaLwoQjI9HidTRiihLDZ5Zgopi9FZEJVpgYG1DBhuCtv7xJOtWKV6vUH2qlRjWLIw8XcAll8KAODbiDJrSBwCM8wyu8OdJ5cd6dj1VrzslmzuEPnM8fl82Ocw==</latexit>

⇥(s)

TL(s)

<latexit sha1_base64="cAlzhRTbh+yv5mtKdcpwVGJlOb8=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIFaQkUqjLghsXLir0BU0ok+lNO3QyCTMToYS68VfcuFDErX/hzr9x0mahrQcu93DOvczc48eMSmXb30ZhbX1jc6u4XdrZ3ds/MA+POjJKBIE2iVgkej6WwCiHtqKKQS8WgEOfQdef3GR+9wGEpBFvqWkMXohHnAaUYKWlgXniBgKT1G2NQeGKvJilrcFd1gdm2a7ac1irxMlJGeVoDswvdxiRJASuCMNS9h07Vl6KhaKEwazkJhJiTCZ4BH1NOQ5Beun8gpl1rpWhFURCF1fWXP29keJQymno68kQq7Fc9jLxP6+fqODaSymPEwWcLB4KEmapyMrisIZUAFFsqgkmguq/WmSMdSRKh1bSITjLJ6+SzlXVqVXr97Vy4zKPo4hO0RmqIAfVUQPdoiZqI4Ie0TN6RW/Gk/FivBsfi9GCke8coz8wPn8AppGWUA==</latexit>

⇥(s)

Te(s)

<latexit sha1_base64="Bha/C0SzS3O7Qs7WRQogwRUTW7E=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL8EiVJCSSKEeC148VmhroQlhs520SzebsLsRSqgX/4oXD4p49V9489+4aXPQ1gfDPN6bYXdekDAqlW1/G6W19Y3NrfJ2ZWd3b//APDzqyTgVBLokZrHoB1gCoxy6iioG/UQAjgIG98HkJvfvH0BIGvOOmibgRXjEaUgJVlryzRM3FJhkbmcMCtfkxSzr+JB336zadXsOa5U4BamiAm3f/HKHMUkj4IowLOXAsRPlZVgoShjMKm4qIcFkgkcw0JTjCKSXzS+YWedaGVphLHRxZc3V3xsZjqScRoGejLAay2UvF//zBqkKr72M8iRVwMnioTBlloqtPA5rSAUQxaaaYCKo/qtFxlhHonRoFR2Cs3zyKuld1Z1GvXnXqLYuizjK6BSdoRpyUBO10C1qoy4i6BE9o1f0ZjwZL8a78bEYLRnFzjH6A+PzB8zZlmk=</latexit>

EM (s)

<latexit sha1_base64="n+3MrhNARUteyRxy2EV4a5njlDA=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXspuKdRjQQQvQgX7Ae1Ssmm2jc0mS5IVytL/4MWDIl79P978N6btHrT1wcDjvRlm5gUxZ9q47reT29jc2t7J7xb29g8Oj4rHJ20tE0Voi0guVTfAmnImaMsww2k3VhRHAaedYHI99ztPVGkmxYOZxtSP8EiwkBFsrNS+GdyV9eWgWHIr7gJonXgZKUGG5qD41R9KkkRUGMKx1j3PjY2fYmUY4XRW6CeaxphM8Ij2LBU4otpPF9fO0IVVhiiUypYwaKH+nkhxpPU0CmxnhM1Yr3pz8T+vl5jwyk+ZiBNDBVkuChOOjETz19GQKUoMn1qCiWL2VkTGWGFibEAFG4K3+vI6aVcrXq1Sv6+VGtUsjjycwTmUwYM6NOAWmtACAo/wDK/w5kjnxXl3PpatOSebOYU/cD5/AIJNjmU=</latexit>

IA(s)

EM (s)

<latexit sha1_base64="wsvHGVew27fhEBYkq4Crw8qzl2s=">AAAB/nicbVDLSsNAFL3xWesrKq7cDBahbkpSCnVZEUEXQgX7gDaEyXTSDp08mJkIJRT8FTcuFHHrd7jzb5y0WWjrgcs9nHMvc+d4MWdSWda3sbK6tr6xWdgqbu/s7u2bB4dtGSWC0BaJeCS6HpaUs5C2FFOcdmNBceBx2vHGV5nfeaRCsih8UJOYOgEehsxnBCstueZx3xeYpLfuZVmeT9Nr9y7rrlmyKtYMaJnYOSlBjqZrfvUHEUkCGirCsZQ924qVk2KhGOF0WuwnksaYjPGQ9jQNcUClk87On6IzrQyQHwldoUIz9fdGigMpJ4GnJwOsRnLRy8T/vF6i/AsnZWGcKBqS+UN+wpGKUJYFGjBBieITTTARTN+KyAjrPJROrKhDsBe/vEza1Ypdq9Tva6VGNY+jACdwCmWwoQ4NuIEmtIBACs/wCm/Gk/FivBsf89EVI985gj8wPn8A4xOUwQ==</latexit>

LA
diA
dt

+RAiA = eA � eM

<latexit sha1_base64="OlMwzTfMFIzbtibQPe3lc22S+2o=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCnUjtLhxoVDFPqAtQyaTaUMzmSHJCGWYT3Djr7hxoYhbl+78G9N2Ftp6IJeTc+4luceNGJXKsr6N3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoei4SBJGOWkqqhjpRIKgwGWk7Y4uJ377gQhJQ36vxhHpB2jAqU8xUlpyzONrp97zBcKJR516mngqhafwzqnrG7yARNczXW8cs2iVrCngIrEzUgQZGo751fNCHAeEK8yQlF3bilQ/QUJRzEha6MWSRAiP0IB0NeUoILKfTBdK4ZFWPOiHQh+u4FT9PZGgQMpx4OrOAKmhnPcm4n9eN1b+eT+hPIoV4Xj2kB8zqEI4SQd6VBCs2FgThAXVf4V4iHQ8SmdY0CHY8ysvkla5ZFdK1dtKsVbO4siDA3AIToANqqAGrkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/HGCaqg==</latexit>

LF
diF
dt

+RF iF = eF

<latexit sha1_base64="8YT4299lYfs+M3ZEfi461shBmHY=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQhJKUQt0IBSG4cFHFPqANYTKZtEMnkzAzEUro2o2/4saFIm79Anf+jdM2C209cOHMOfcy9x4/YVQqy/o2Ciura+sbxc3S1vbO7p65f9CWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+6mvqdByIkjfm9GifEjdCA05BipLTkmcc3ntMPBcJZQD1nkgVqAs/hnefoF7yExHM8s2xVrBngMrFzUgY5mp751Q9inEaEK8yQlD3bSpSbIaEoZmRS6qeSJAiP0ID0NOUoItLNZqdM4KlWAhjGQhdXcKb+nshQJOU48nVnhNRQLnpT8T+vl6rwws0oT1JFOJ5/FKYMqhhOc4EBFQQrNtYEYUH1rhAPkQ5G6fRKOgR78eRl0q5W7FqlflsrN6p5HEVwBE7AGbBBHTTANWiCFsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MH28KZCQ==</latexit>
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Cont. …

Vamos supor a título de exemplo que o motor gira sem carga (TL = 0) e que 
a corrente de campo magnético iF seja constante. Como isto altera as equações ?

Além disso, por iF ser constante: Te = keiA

<latexit sha1_base64="yBi/3cHpgQ9PzlODca7i9AasMQ8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQLwIES8eI+QFybLMTnqTIbMPZ2YDIeQ7vHhQxKsf482/cZLsQRMLuimqupme8hPBlbbtbyu3tb2zu5ffLxwcHh2fFE/P2ipOJcMWi0Usuz5VKHiELc21wG4ikYa+wI4/vl/4nQlKxeOoqacJuiEdRjzgjGojuU0PyS0Zm869O69Yssv2EmSTOBkpQYaGV/zqD2KWhhhpJqhSPcdOtDujUnMmcF7opwoTysZ0iD1DIxqicmfLo+fkyigDEsTSVKTJUv29MaOhUtPQN5Mh1SO17i3E/7xeqoMbd8ajJNUYsdVDQSqIjskiATLgEpkWU0Mok9zcStiISsq0yalgQnDWv7xJ2pWyUy3XHquleiWLIw8XcAnX4EAN6vAADWgBgyd4hld4sybWi/VufaxGc1a2cw5/YH3+APT3kOM=</latexit>

em = ke
d✓

dt

<latexit sha1_base64="Kvm8cHQrpkkDQe8G0l6y9ihhhRk=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMhEC9CwIvHCGaBJAw9PTVJk56F7hohDLl48Ve8eFDEq//gzb+xsxw08UHB470qqur5qRQaHefbWlvf2NzaLuwUd/f2Dw7to+OWTjLFockTmaiOzzRIEUMTBUropApY5Eto+6Obqd9+AKVFEt/jOIV+xAaxCAVnaCTPPgMvotd05EEvVIznAe3hEJBN8gAnnl1yys4MdJW4C1IiCzQ8+6sXJDyLIEYumdZd10mxnzOFgkuYFHuZhpTxERtA19CYRaD7+eyLCb0wSkDDRJmKkc7U3xM5i7QeR77pjBgO9bI3Ff/zuhmGV/1cxGmGEPP5ojCTFBM6jYQGQgFHOTaEcSXMrZQPmUkDTXBFE4K7/PIqaVXKbrVcu6uW6pVFHAVySs7JJXFJjdTJLWmQJuHkkTyTV/JmPVkv1rv1MW9dsxYzJ+QPrM8fG3CYUA==</latexit>

J ✓̈ +B✓̇ � keiA = 0

<latexit sha1_base64="1X3pHH/YkkRsWozxZKhY5Z5ReXk=">AAACFHicbVDLSgMxFM34rPVVdekmWAShWGZKoW6EqhtxVcE+oC1DJr1tQzMPkjtCGfoRbvwVNy4UcevCnX9j+ljU1gOBk3Puvck9XiSFRtv+sVZW19Y3NlNb6e2d3b39zMFhTYex4lDloQxVw2MapAigigIlNCIFzPck1L3BzdivP4LSIgwecBhB22e9QHQFZ2gkN5O7a3U6ISYt7AOyEc3R69b8/ZwOXBDuFb2ktpvJ2nl7ArpMnBnJkhkqbubbzOKxDwFyybRuOnaE7YQpFFzCKN2KNUSMD1gPmoYGzAfdTiZLjeipUTq0GypzAqQTdb4jYb7WQ98zlT7Dvl70xuJ/XjPG7kU7EUEUIwR8+lA3lhRDOk6IdoQCjnJoCONKmL9S3meKcTQ5pk0IzuLKy6RWyDvFfOm+mC0XZnGkyDE5IWfEISVSJrekQqqEkyfyQt7Iu/VsvVof1ue0dMWa9RyRP7C+fgFyX50a</latexit>

⌦(s)

EA(s)

<latexit sha1_base64="LYt7bWv0Mo5tW50dxz1dXqNrHFs=">AAACAXicbVDLSgMxFM34rPU16kZwEyxC3ZSZUqjLigjurGAf0BmGTJppQ5PMkGSEMtSNv+LGhSJu/Qt3/o2ZtgttPXC5h3PuJbknTBhV2nG+rZXVtfWNzcJWcXtnd2/fPjhsqziVmLRwzGLZDZEijArS0lQz0k0kQTxkpBOOrnK/80CkorG41+OE+BwNBI0oRtpIgX3sRRLhzLvlZIDK6nySXQeXeQ/sklNxpoDLxJ2TEpijGdhfXj/GKSdCY4aU6rlOov0MSU0xI5OilyqSIDxCA9IzVCBOlJ9NL5jAM6P0YRRLU0LDqfp7I0NcqTEPzSRHeqgWvVz8z+ulOrrwMyqSVBOBZw9FKYM6hnkcsE8lwZqNDUFYUvNXiIfIRKJNaEUTgrt48jJpVyturVK/q5Ua1XkcBXACTkEZuKAOGuAGNEELYPAInsEreLOerBfr3fqYja5Y850j8AfW5w9sD5Yv</latexit>

Obter a F.T.

J ✓̈ +B✓̇ = Te � TL

<latexit sha1_base64="HkMJt/TSxDggOZRXkCw9naLu/tc=">AAACE3icbVDLSgMxFM3UV62vqks3wSKIYpkphboRim5EXFToC9pSMultG5p5kNwRytB/cOOvuHGhiFs37vwb08eith5IODnn3iT3uKEUGm37x0qsrK6tbyQ3U1vbO7t76f2Dqg4ixaHCAxmouss0SOFDBQVKqIcKmOdKqLmDm7FfewSlReCXcRhCy2M9X3QFZ2ikdvrsrtnpBBg3sQ/IRvScXjfnz1e03AZ6Yfb7djpjZ+0J6DJxZiRDZii109/mKh554COXTOuGY4fYiplCwSWMUs1IQ8j4gPWgYajPPNCteDLTiJ4YpUO7gTLLRzpR5zti5mk99FxT6THs60VvLP7nNSLsXrZi4YcRgs+nD3UjSTGg44BoRyjgKIeGMK6E+SvlfaYYRxNjyoTgLI68TKq5rJPPFh7ymWJuFkeSHJFjckocUiBFcktKpEI4eSIv5I28W8/Wq/VhfU5LE9as55D8gfX1C8F6nL8=</latexit>

eF = RF iF

<latexit sha1_base64="QI81ALeLWLcy65EpWuyDI1bkhiY=">AAAB9HicbZBNS0JBFIbPtS+zL6tlmyEJWsm9ItgmEAJpaZEm6OUydzxXB+d+NDNXEPF3tGlRRNt+TLv+TaPeRWkvDDy85xzOmddPBFfatr+t3Mbm1vZOfrewt39weFQ8PmmrOJUMWywWsez4VKHgEbY01wI7iUQa+gIf/dHNvP44Rql4HD3oSYJuSAcRDzij2lgueg1yTe69BjfgFUt22V6IrIOTQQkyNb3iV68fszTESDNBleo6dqLdKZWaM4GzQi9VmFA2ogPsGoxoiMqdLo6ekQvj9EkQS/MiTRbu74kpDZWahL7pDKkeqtXa3Pyv1k11cOVOeZSkGiO2XBSkguiYzBMgfS6RaTExQJnk5lbChlRSpk1OBROCs/rldWhXyk61XLurluqVLI48nME5XIIDNajDLTShBQye4Ble4c0aWy/Wu/WxbM1Z2cwp/JH1+QORpZCi</latexit>

J ✓̈ +B✓̇ = Te

<latexit sha1_base64="hECbIPpMexnJIn1V4pYwUkH25Zg=">AAACDXicbVDLSgMxFM3UV62vUZduglUQhDJTCnUjFN2Iqwp9QVtKJr1tQzMPkjtCGfoDbvwVNy4UcevenX9j+ljU1gOBk3Puvck9XiSFRsf5sVJr6xubW+ntzM7u3v6BfXhU02GsOFR5KEPV8JgGKQKookAJjUgB8z0JdW94O/Hrj6C0CIMKjiJo+6wfiJ7gDI3Usc/uW91uiEkLB4BsTC/pTWvxfk0rHejYWSfnTEFXiTsnWTJHuWN/myE89iFALpnWTdeJsJ0whYJLGGdasYaI8SHrQ9PQgPmg28l0mzE9N0qX9kJlToB0qi52JMzXeuR7ptJnONDL3kT8z2vG2LtqJyKIYoSAzx7qxZJiSCfR0K5QwFGODGFcCfNXygdMMY4mwIwJwV1eeZXU8jm3kCs+FLKl/DyONDkhp+SCuKRISuSOlEmVcPJEXsgbebeerVfrw/qclaasec8x+QPr6xdo0psX</latexit>

constante ! faz o 
papel de um imã

permanente !

LA
diA
dt

+RAiA = eA � eM

<latexit sha1_base64="OlMwzTfMFIzbtibQPe3lc22S+2o=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCnUjtLhxoVDFPqAtQyaTaUMzmSHJCGWYT3Djr7hxoYhbl+78G9N2Ftp6IJeTc+4luceNGJXKsr6N3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoei4SBJGOWkqqhjpRIKgwGWk7Y4uJ377gQhJQ36vxhHpB2jAqU8xUlpyzONrp97zBcKJR516mngqhafwzqnrG7yARNczXW8cs2iVrCngIrEzUgQZGo751fNCHAeEK8yQlF3bilQ/QUJRzEha6MWSRAiP0IB0NeUoILKfTBdK4ZFWPOiHQh+u4FT9PZGgQMpx4OrOAKmhnPcm4n9eN1b+eT+hPIoV4Xj2kB8zqEI4SQd6VBCs2FgThAXVf4V4iHQ8SmdY0CHY8ysvkla5ZFdK1dtKsVbO4siDA3AIToANqqAGrkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/HGCaqg==</latexit>

LA
diA
dt

+RAiA + eM = eA

<latexit sha1_base64="vz+dWn6XPm9JdDdnne8fXNp5ra8=">AAACEHicbVBNS8MwGE79nPOr6tFLcIiCMNoxmBdhxYsHhSnuA7ZS0jTdwtK0JKkwyn6CF/+KFw+KePXozX9jtvWgmw8kPHme9+XN+/gJo1JZ1rextLyyurZe2Chubm3v7Jp7+y0ZpwKTJo5ZLDo+koRRTpqKKkY6iSAo8hlp+8PLid9+IELSmN+rUULcCPU5DSlGSkueeXLtOb1QIJwF1HPGWaDG8AzeeY5+aUK8G3ihb8czS1bZmgIuEjsnJZCj4ZlfvSDGaUS4wgxJ2bWtRLkZEopiRsbFXipJgvAQ9UlXU44iIt1sutAYHmslgGEs9OEKTtXfHRmKpBxFvq6MkBrIeW8i/ud1UxWeuxnlSaoIx7NBYcqgiuEkHRhQQbBiI00QFlT/FeIB0vEonWFRh2DPr7xIWpWyXS3XbquleiWPowAOwRE4BTaogTq4Ag3QBBg8gmfwCt6MJ+PFeDc+ZqVLRt5zAP7A+PwBGSyaqA==</latexit>

LF
diF
dt

+RF iF = eF

<latexit sha1_base64="8YT4299lYfs+M3ZEfi461shBmHY=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQhJKUQt0IBSG4cFHFPqANYTKZtEMnkzAzEUro2o2/4saFIm79Anf+jdM2C209cOHMOfcy9x4/YVQqy/o2Ciura+sbxc3S1vbO7p65f9CWcSowaeGYxaLrI0kY5aSlqGKkmwiCIp+Rjj+6mvqdByIkjfm9GifEjdCA05BipLTkmcc3ntMPBcJZQD1nkgVqAs/hnefoF7yExHM8s2xVrBngMrFzUgY5mp751Q9inEaEK8yQlD3bSpSbIaEoZmRS6qeSJAiP0ID0NOUoItLNZqdM4KlWAhjGQhdXcKb+nshQJOU48nVnhNRQLnpT8T+vl6rwws0oT1JFOJ5/FKYMqhhOc4EBFQQrNtYEYUH1rhAPkQ5G6fRKOgR78eRl0q5W7FqlflsrN6p5HEVwBE7AGbBBHTTANWiCFsDgETyDV/BmPBkvxrvxMW8tGPnMIfgD4/MH28KZCQ==</latexit>

LA
diA
dt

+RAiA + ke✓̇ = eA

<latexit sha1_base64="utdv9Kwysv78csoevz0zOQl/ZCc=">AAACHHicbVDLSgMxFM34rPVVdekmWARBKDNaqBuhxY0LF1WsCm0ZMpk7bWjmQXJHKMN8iBt/xY0LRdy4EPwb08dCrQcCJ+fce5N7vEQKjbb9Zc3NLywuLRdWiqtr6xubpa3tGx2nikOLxzJWdx7TIEUELRQo4S5RwEJPwq03OBv5t/egtIijaxwm0A1ZLxKB4AyN5JaOL9xGJ1CMZ75wG3nmY04P6ZXbMDdDBi50/BizDvYBWU5PKbgNt1S2K/YYdJY4U1ImUzTd0ocZwtMQIuSSad127AS7GVMouIS82Ek1JIwPWA/ahkYsBN3NxsvldN8oPg1iZU6EdKz+7MhYqPUw9ExlyLCv/3oj8T+vnWJw0s1ElKQIEZ88FKSSYkxHSVFfKOAoh4YwroT5K+V9ZqJCk2fRhOD8XXmW3BxVnGqldlkt14+mcRTILtkjB8QhNVIn56RJWoSTB/JEXsir9Wg9W2/W+6R0zpr27JBfsD6/AW6koEs=</latexit>
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Com estas duas últimas equações é possível determinarmos a F.T. relacionando
a velocidade angular do eixo do motor em relação à tensão de entrada. Para isto, 
aplicamos a T.L. às equações considerando C.I.s nulas. Temos

LAsIA(s) +RAIA(s) + kes⇥(s) = EA(s)

<latexit sha1_base64="1rOjbGPkm8ffT8fpp5cxYKAOsvw=">AAACGHicbZDLSgMxFIYz9VbrrerSTbAIFaHOlELdCC0iKLio0hu0Zcikp21o5kKSEcrQx3Djq7hxoYjb7nwb02kRbT0Q+PL/55Cc3wk4k8o0v4zEyura+kZyM7W1vbO7l94/qEs/FBRq1Oe+aDpEAmce1BRTHJqBAOI6HBrO8GrqNx5BSOZ7VTUKoOOSvsd6jBKlJTt9fmeX5a1dzspTfIYf7PIPD22Q7eoAFJneL/F1bNjpjJkz48LLYM0hg+ZVsdOTdtenoQueopxI2bLMQHUiIhSjHMapdighIHRI+tDS6BEXZCeKFxvjE610cc8X+ngKx+rviYi4Uo5cR3e6RA3kojcV//NaoepddCLmBaECj84e6oUcKx9PU8JdJoAqPtJAqGD6r5gOiCBU6SxTOgRrceVlqOdzViFXvC9kSvl5HEl0hI5RFlmoiEroBlVQDVH0hF7QG3o3no1X48P4nLUmjPnMIfpTxuQbzdKb2g==</latexit>

Js2⇥(s) +Bs⇥(s)� keIA(s) = 0

<latexit sha1_base64="6FBnTIoCqEdIrBJhMApX8hDpnP8=">AAACE3icbZDLSgMxFIYz9VbrrerSTbAIVbHMlELdCFU36qpCb9COQyY9bUMzF5KMUIa+gxtfxY0LRdy6cefbmF5Abf0h8OU/55Cc3w05k8o0v4zEwuLS8kpyNbW2vrG5ld7eqckgEhSqNOCBaLhEAmc+VBVTHBqhAOK5HOpu/3JUr9+DkCzwK2oQgu2Rrs86jBKlLSd9dCPv8q1KDxTJykN8jC/kz+2k78C1cz7CM2w66YyZM8fC82BNIYOmKjvpz1Y7oJEHvqKcSNm0zFDZMRGKUQ7DVCuSEBLaJ11oavSJB9KOxzsN8YF22rgTCH18hcfu74mYeFIOPFd3ekT15GxtZP5Xa0aqc2rHzA8jBT6dPNSJOFYBHgWE20wAVXyggVDB9F8x7RFBqNIxpnQI1uzK81DL56xCrnhbyJTy0ziSaA/toyyyUBGV0BUqoyqi6AE9oRf0ajwaz8ab8T5pTRjTmV30R8bHN4IPmrg=</latexit>

Isolando IA(s) da segunda equação, substituindo na primeira e realizando as 
manipulações algébricas, chegamos a:

⌦(s)

EA(s)
=

ke
BRA+ke

JLA
BRA+ke

s2 + JRA+BLA
BRA+ke

s+ 1

<latexit sha1_base64="6rLGbaEE4Hf5/DX9aLNeg4UZHH4="></latexit>

Esta F.T. relaciona a velocidade angular do eixo à tensão de alimentação do motor
quando o motor está funcionando sem carga !
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Consideremos agora uma nova situação: suponha que o fluxo magnético f tenha
uma relação não linear com a corrente de campo iF, por exemplo, de acordo com o 
gráfico abaixo. Como procedermos neste caso ?

iF

<latexit sha1_base64="2+jpUMHIcz6DQmA1EWXJs28ws2M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FQTxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3Mz9zhPXRsTqEacJ9yM6UiIUjKKVHsTgdlCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmlfVb1atX5fqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gATsI2i</latexit>

�

<latexit sha1_base64="dpfddCEW4pntQJMVoSJ3X+GEf+E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN83S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777VS2tnd296r7tYPDo+OT+ulZX8epIrRHYh6rYYA15UzSnmGG02GiKBYBp4Ngflf4gyeqNIvlo8kS6gs8kyxkBJtCGicRm9QbbtNdAm0SryQNKNGd1L/G05ikgkpDONZ65LmJ8XOsDCOcLmrjVNMEkzme0ZGlEguq/Xx56wJdWWWKwljZkgYt1d8TORZaZyKwnQKbSK97hfifN0pNeOvnTCapoZKsFoUpRyZGxeNoyhQlhmeWYKKYvRWRCCtMjI2nZkPw1l/eJP2bptdqth9ajU6rjKMKF3AJ1+BBGzpwD13oAYEInuEV3hzhvDjvzseqteKUM+fwB87nDxKOjjs=</latexit>

Lembremos que: Te = BlaiA

<latexit sha1_base64="LWUGPjJl9L72YfPoJGXy0fGBl0g=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIrkpSCnUjVN24rNAXtCFMppN26OTBzEQoobjxV9y4UMStX+HOv3HSZqGtBy4czrmXe+/xYs6ksqxvo7C2vrG5Vdwu7ezu7R+Yh0cdGSWC0DaJeCR6HpaUs5C2FVOc9mJBceBx2vUmt5nffaBCsihsqWlMnQCPQuYzgpWWXPOk5VJ0hQYBVmOCeXozQxxhxNxr1yxbFWsOtErsnJQhR9M1vwbDiCQBDRXhWMq+bcXKSbFQjHA6Kw0SSWNMJnhE+5qGOKDSSecvzNC5VobIj4SuUKG5+nsixYGU08DTndmpctnLxP+8fqL8SydlYZwoGpLFIj/hSEUoywMNmaBE8akmmAimb0VkjAUmSqdW0iHYyy+vkk61Ytcq9ftauVHN4yjCKZzBBdhQhwbcQRPaQOARnuEV3own48V4Nz4WrQUjnzmGPzA+fwD9DJXa</latexit>

B =
1

A
�(iF )

<latexit sha1_base64="qLBKSlh8EyVhKa+I2R941MyAR4Y=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4tQNyUphboRqoK4rGAf0IQymU7aoZNJmJkIJWTvxl9x40IRt/6AO//GSZuFth64cDjnXu69x4sYlcqyvo3C2vrG5lZxu7Szu7d/YB4edWUYC0w6OGSh6HtIEkY56SiqGOlHgqDAY6TnTa8zv/dAhKQhv1eziLgBGnPqU4yUloZm2QmQmmDEkqsUXkDHFwgndppcpk40oVU6vDkbmhWrZs0BV4mdkwrI0R6aX84oxHFAuMIMSTmwrUi5CRKKYkbSkhNLEiE8RWMy0JSjgEg3mf+SwlOtjKAfCl1cwbn6eyJBgZSzwNOd2eVy2cvE/7xBrPxzN6E8ihXheLHIjxlUIcyCgSMqCFZspgnCgupbIZ4gHYfS8ZV0CPbyy6ukW6/ZjVrzrlFp1fM4iuAElEEV2KAJWuAWtEEHYPAInsEreDOejBfj3fhYtBaMfOYY/IHx+QPVlpo8</latexit>

Te =

✓
�(iF )

A

◆
la iA

<latexit sha1_base64="ppmXbL4COeHYt2wluToPS/NN3uo=">AAACGXicbVDLSgNBEJz1bXxFPXoZDEJyCbshEC9CgiAeFcwDsmGZnfQmQ2YfzPQKYclvePFXvHhQxKOe/BsnMQdNLGgoqrrp7vITKTTa9pe1srq2vrG5tZ3b2d3bP8gfHrV0nCoOTR7LWHV8pkGKCJooUEInUcBCX0LbH11O/fY9KC3i6A7HCfRCNohEIDhDI3l5+84DekFdCQEW3UAxnrnJUBSFd1WaZI2Jq8RgiCVJGaUuFV7Dyxfssj0DXSbOnBTIHDde/sPtxzwNIUIumdZdx06wlzGFgkuY5NxUQ8L4iA2ga2jEQtC9bPbZhJ4ZpU+DWJmKkM7U3xMZC7Ueh77pDBkO9aI3Ff/zuikG571MREmKEPGfRUEqKcZ0GhPtCwUc5dgQxpUwt1I+ZCYeNGHmTAjO4svLpFUpO9Vy7bZaqFfmcWyRE3JKisQhNVIn1+SGNAknD+SJvJBX69F6tt6s95/WFWs+c0z+wPr8Bp45nsM=</latexit>

em =

✓
�(iF )

A

◆
la
d✓

dt

<latexit sha1_base64="KnrTQx5EJVHqjey2QOFaTBGtsoI="></latexit>

Te = keiA

<latexit sha1_base64="yBi/3cHpgQ9PzlODca7i9AasMQ8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQLwIES8eI+QFybLMTnqTIbMPZ2YDIeQ7vHhQxKsf482/cZLsQRMLuimqupme8hPBlbbtbyu3tb2zu5ffLxwcHh2fFE/P2ipOJcMWi0Usuz5VKHiELc21wG4ikYa+wI4/vl/4nQlKxeOoqacJuiEdRjzgjGojuU0PyS0Zm869O69Yssv2EmSTOBkpQYaGV/zqD2KWhhhpJqhSPcdOtDujUnMmcF7opwoTysZ0iD1DIxqicmfLo+fkyigDEsTSVKTJUv29MaOhUtPQN5Mh1SO17i3E/7xeqoMbd8ajJNUYsdVDQSqIjskiATLgEpkWU0Mok9zcStiISsq0yalgQnDWv7xJ2pWyUy3XHquleiWLIw8XcAnX4EAN6vAADWgBgyd4hld4sybWi/VufaxGc1a2cw5/YH3+APT3kOM=</latexit>

em = ke
d✓

dt

<latexit sha1_base64="Kvm8cHQrpkkDQe8G0l6y9ihhhRk=">AAACBXicbVDJSgNBEO1xjXEb9aiHxiB4CjMhEC9CwIvHCGaBJAw9PTVJk56F7hohDLl48Ve8eFDEq//gzb+xsxw08UHB470qqur5qRQaHefbWlvf2NzaLuwUd/f2Dw7to+OWTjLFockTmaiOzzRIEUMTBUropApY5Eto+6Obqd9+AKVFEt/jOIV+xAaxCAVnaCTPPgMvotd05EEvVIznAe3hEJBN8gAnnl1yys4MdJW4C1IiCzQ8+6sXJDyLIEYumdZd10mxnzOFgkuYFHuZhpTxERtA19CYRaD7+eyLCb0wSkDDRJmKkc7U3xM5i7QeR77pjBgO9bI3Ff/zuhmGV/1cxGmGEPP5ojCTFBM6jYQGQgFHOTaEcSXMrZQPmUkDTXBFE4K7/PIqaVXKbrVcu6uW6pVFHAVySs7JJXFJjdTJLWmQJuHkkTyTV/JmPVkv1rv1MW9dsxYzJ+QPrM8fG3CYUA==</latexit>
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J ✓̈ +B✓̇ = Te � TL

<latexit sha1_base64="HkMJt/TSxDggOZRXkCw9naLu/tc=">AAACE3icbVDLSgMxFM3UV62vqks3wSKIYpkphboRim5EXFToC9pSMultG5p5kNwRytB/cOOvuHGhiFs37vwb08eith5IODnn3iT3uKEUGm37x0qsrK6tbyQ3U1vbO7t76f2Dqg4ixaHCAxmouss0SOFDBQVKqIcKmOdKqLmDm7FfewSlReCXcRhCy2M9X3QFZ2ikdvrsrtnpBBg3sQ/IRvScXjfnz1e03AZ6Yfb7djpjZ+0J6DJxZiRDZii109/mKh554COXTOuGY4fYiplCwSWMUs1IQ8j4gPWgYajPPNCteDLTiJ4YpUO7gTLLRzpR5zti5mk99FxT6THs60VvLP7nNSLsXrZi4YcRgs+nD3UjSTGg44BoRyjgKIeGMK6E+SvlfaYYRxNjyoTgLI68TKq5rJPPFh7ymWJuFkeSHJFjckocUiBFcktKpEI4eSIv5I28W8/Wq/VhfU5LE9as55D8gfX1C8F6nL8=</latexit>

LA
diA
dt

+RAiA = eA � eM

<latexit sha1_base64="OlMwzTfMFIzbtibQPe3lc22S+2o=">AAACEHicbVDLSgMxFM3UV62vUZdugkUUxDJTCnUjtLhxoVDFPqAtQyaTaUMzmSHJCGWYT3Djr7hxoYhbl+78G9N2Ftp6IJeTc+4luceNGJXKsr6N3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoei4SBJGOWkqqhjpRIKgwGWk7Y4uJ377gQhJQ36vxhHpB2jAqU8xUlpyzONrp97zBcKJR516mngqhafwzqnrG7yARNczXW8cs2iVrCngIrEzUgQZGo751fNCHAeEK8yQlF3bilQ/QUJRzEha6MWSRAiP0IB0NeUoILKfTBdK4ZFWPOiHQh+u4FT9PZGgQMpx4OrOAKmhnPcm4n9eN1b+eT+hPIoV4Xj2kB8zqEI4SQd6VBCs2FgThAXVf4V4iHQ8SmdY0CHY8ysvkla5ZFdK1dtKsVbO4siDA3AIToANqqAGrkADNAEGj+AZvII348l4Md6Nj1lrzshm9sEfGJ8/HGCaqg==</latexit>

LA
diA
dt

+RAiA = eA �
✓
�(iF )

A

◆
la✓̇

<latexit sha1_base64="MTtyJDsTg4taPMDOMV5mngIKwG4="></latexit>

J ✓̈ +B✓̇ =

✓
�(iF )

A

◆
laiA

<latexit sha1_base64="6ZTydb135sAcUnfG+ZQ12JXoqqs="></latexit>

Retornemos às equaçõs do modelo do motor:

Observe que agora as equações resultantes são não lineares e os efeitos não linares
aparecem nos coeficientes da tensão induzida na armadura (eM) e no torque 
eletromecânico Te. Se, por exemplo quisessemos simplificar o problema, poderiamos
considerar que a armadura opera com tensão (e consequentemente corrente) 
constantes. Neste caso, teríamos que considerar somente uma equação não linear 
neste modelo, e, que seria:

J ✓̈ +B✓̇ =

✓
�(iF )

A

◆
laiA

<latexit sha1_base64="6ZTydb135sAcUnfG+ZQ12JXoqqs="></latexit>
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J ✓̈ +B✓̇ =

✓
�(iF )

A

◆
laiA

<latexit sha1_base64="6ZTydb135sAcUnfG+ZQ12JXoqqs="></latexit>

A solução da última equação pode ser feita de duas formas diferentes: 

1 – Usando uma técnica numérica para solução de equações não lineares
2 – Obter um modelo linearizado

Usando o segundo procedimento, fazemos

iF

<latexit sha1_base64="2+jpUMHIcz6DQmA1EWXJs28ws2M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FQTxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3Mz9zhPXRsTqEacJ9yM6UiIUjKKVHsTgdlCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmlfVb1atX5fqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gATsI2i</latexit>

�

<latexit sha1_base64="dpfddCEW4pntQJMVoSJ3X+GEf+E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN83S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777VS2tnd296r7tYPDo+OT+ulZX8epIrRHYh6rYYA15UzSnmGG02GiKBYBp4Ngflf4gyeqNIvlo8kS6gs8kyxkBJtCGicRm9QbbtNdAm0SryQNKNGd1L/G05ikgkpDONZ65LmJ8XOsDCOcLmrjVNMEkzme0ZGlEguq/Xx56wJdWWWKwljZkgYt1d8TORZaZyKwnQKbSK97hfifN0pNeOvnTCapoZKsFoUpRyZGxeNoyhQlhmeWYKKYvRWRCCtMjI2nZkPw1l/eJP2bptdqth9ajU6rjKMKF3AJ1+BBGzpwD13oAYEInuEV3hzhvDjvzseqteKUM+fwB87nDxKOjjs=</latexit>

īF

<latexit sha1_base64="4cY6UJQqptfpyrzYUrUwqXb1efk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQDwGBPEYwSRKsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4WNza3tneJuaW//4PCofHzSMSrVhLaJ4ko/RNhQziRtW2Y5fUg0xSLitBtNrud+94lqw5S8t9OEhgKPJIsZwdZJj/0I64zNBjeDcsWv+gugdRLkpAI5WoPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFgfP0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhtfhRmTSWqpJMtFccqRVWj+PRoyTYnlU0cw0czdisgYa0ysy6jkQghWX14nnVo1qFcbd/VKs5bHUYQzOIdLCKABTbiFFrSBgIBneIU3T3sv3rv3sWwtePnMKfyB9/kD1eGQZQ==</latexit>

�̄F

<latexit sha1_base64="9VN9eWJ8PbxKhbglLdwrZYBFdWQ=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0lKoR4LgnisYD+gCWWz3bRLN5tldyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRZIzbTzv2yltbe/s7pX3KweHR8cn7ulZV6eZIrRDUp6qfoQ15UzQjmGG075UFCcRp71oervwe09UaZaKRzOTNEzwWLCYEWysFAQRVnkgJ2w+vBu6Va/mLYE2iV+QKhRoD92vYJSSLKHCEI61HvieNGGOlWGE03klyDSVmEzxmA4sFTihOsyXN8/RlVVGKE6VLWHQUv09keNE61kS2c4Em4le9xbif94gM/FNmDMhM0MFWS2KM45MihYBoBFTlBg+swQTxeytiEywwsTYmCo2BH/95U3Srdf8Rq350Ki26kUcZbiAS7gGH5rQgntoQwcISHiGV3hzMufFeXc+Vq0lp5g5hz9wPn8AI9yRtw==</latexit>

A

iF

<latexit sha1_base64="2+jpUMHIcz6DQmA1EWXJs28ws2M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FQTxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3Mz9zhPXRsTqEacJ9yM6UiIUjKKVHsTgdlCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmlfVb1atX5fqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gATsI2i</latexit>

�

<latexit sha1_base64="dpfddCEW4pntQJMVoSJ3X+GEf+E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN83S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777VS2tnd296r7tYPDo+OT+ulZX8epIrRHYh6rYYA15UzSnmGG02GiKBYBp4Ngflf4gyeqNIvlo8kS6gs8kyxkBJtCGicRm9QbbtNdAm0SryQNKNGd1L/G05ikgkpDONZ65LmJ8XOsDCOcLmrjVNMEkzme0ZGlEguq/Xx56wJdWWWKwljZkgYt1d8TORZaZyKwnQKbSK97hfifN0pNeOvnTCapoZKsFoUpRyZGxeNoyhQlhmeWYKKYvRWRCCtMjI2nZkPw1l/eJP2bptdqth9ajU6rjKMKF3AJ1+BBGzpwD13oAYEInuEV3hzhvDjvzseqteKUM+fwB87nDxKOjjs=</latexit>

īF

<latexit sha1_base64="4cY6UJQqptfpyrzYUrUwqXb1efk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQDwGBPEYwSRKsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4WNza3tneJuaW//4PCofHzSMSrVhLaJ4ko/RNhQziRtW2Y5fUg0xSLitBtNrud+94lqw5S8t9OEhgKPJIsZwdZJj/0I64zNBjeDcsWv+gugdRLkpAI5WoPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFgfP0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhtfhRmTSWqpJMtFccqRVWj+PRoyTYnlU0cw0czdisgYa0ysy6jkQghWX14nnVo1qFcbd/VKs5bHUYQzOIdLCKABTbiFFrSBgIBneIU3T3sv3rv3sWwtePnMKfyB9/kD1eGQZQ==</latexit>

�̄F

<latexit sha1_base64="9VN9eWJ8PbxKhbglLdwrZYBFdWQ=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0lKoR4LgnisYD+gCWWz3bRLN5tldyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRZIzbTzv2yltbe/s7pX3KweHR8cn7ulZV6eZIrRDUp6qfoQ15UzQjmGG075UFCcRp71oervwe09UaZaKRzOTNEzwWLCYEWysFAQRVnkgJ2w+vBu6Va/mLYE2iV+QKhRoD92vYJSSLKHCEI61HvieNGGOlWGE03klyDSVmEzxmA4sFTihOsyXN8/RlVVGKE6VLWHQUv09keNE61kS2c4Em4le9xbif94gM/FNmDMhM0MFWS2KM45MihYBoBFTlBg+swQTxeytiEywwsTYmCo2BH/95U3Srdf8Rq350Ki26kUcZbiAS7gGH5rQgntoQwcISHiGV3hzMufFeXc+Vq0lp5g5hz9wPn8AI9yRtw==</latexit>

A

� = a0iF + a1

<latexit sha1_base64="xnFf+txCTkopWhUrQgJpC1rm+RU=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFEISSlELdCAVBXFawF2hDmEwn7dDJJMxMhFDqq7hxoYhbH8Sdb+O0zUJbfxj4+M85nDN/kHCmtON8W4WNza3tneJuaW//4PDIPj7pqDiVhLZJzGPZC7CinAna1kxz2kskxVHAaTeY3Mzr3UcqFYvFg84S6kV4JFjICNbG8u3yIBkzdI2w7zD/Fl0acH274lSdhdA6uDlUIFfLt78Gw5ikERWacKxU33US7U2x1IxwOisNUkUTTCZ4RPsGBY6o8qaL42fo3DhDFMbSPKHRwv09McWRUlkUmM4I67Farc3N/2r9VIdX3pSJJNVUkOWiMOVIx2ieBBoySYnmmQFMJDO3IjLGEhNt8iqZENzVL69Dp1Z169XGfb3SrOVxFOEUzuACXGhAE+6gBW0gkMEzvMKb9WS9WO/Wx7K1YOUzZfgj6/MHuXCS1w==</latexit>

�1 = k�iF1

<latexit sha1_base64="OIagg5Y6fx/t4F2Gkcrv2Y2BGL8=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCK5KUgp1IxQEcVnBXqANYTKdtEMnF2YmQglx46u4caGIW9/CnW/jpM1CW38Y+PjPOZw5vxdzJpVlfRultfWNza3ydmVnd2//wDw86sooEYR2SMQj0fewpJyFtKOY4rQfC4oDj9OeN73O670HKiSLwns1i6kT4HHIfEaw0pZrngzjCXNtdIWmbppzxtz0xrUz16xaNWsutAp2AVUo1HbNr+EoIklAQ0U4lnJgW7FyUiwUI5xmlWEiaYzJFI/pQGOIAyqddH5Bhs61M0J+JPQLFZq7vydSHEg5CzzdGWA1kcu13PyvNkiUf+mkLIwTRUOyWOQnHKkI5XGgEROUKD7TgIlg+q+ITLDAROnQKjoEe/nkVejWa3aj1rxrVFv1Io4ynMIZXIANTWjBLbShAwQe4Rle4c14Ml6Md+Nj0Voyiplj+CPj8wdsD5Y0</latexit>

iF1

<latexit sha1_base64="OkicmcaHL+okvbWPFnlPBTlS5vM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR4LgnisYD+gDWGznbZLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwkRwbVz32ylsbe/s7hX3SweHR8cn5dOzjo5TxbDNYhGrXkg1Ci6xbbgR2EsU0igU2A2ntwu/+4RK81g+mlmCfkTHko84o8ZKXR5kd4E3D8oVt+ouQTaJl5MK5GgF5a/BMGZphNIwQbXue25i/Iwqw5nAeWmQakwom9Ix9i2VNELtZ8tz5+TKKkMyipUtachS/T2R0UjrWRTazoiaiV73FuJ/Xj81oxs/4zJJDUq2WjRKBTExWfxOhlwhM2JmCWWK21sJm1BFmbEJlWwI3vrLm6RTq3r1auOhXmnW8jiKcAGXcA0eNKAJ99CCNjCYwjO8wpuTOC/Ou/Oxai04+cw5/IHz+QP/zY9Q</latexit>

�1

<latexit sha1_base64="v2s18VKQgZ3sqSzKJvYRJzGbxSY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQDwGvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFre2d3r7hfOjg8Oj4pn551jEo1oW2iuNK9CBvKmaRtyyynvURTLCJOu9H0duF3n6g2TMkHO0toKPBYspgRbJ3UGSQTNgyG5Ypf9ZdAmyTISQVytIblr8FIkVRQaQnHxvQDP7FhhrVlhNN5aZAammAyxWPad1RiQU2YLa+doyunjFCstCtp0VL9PZFhYcxMRK5TYDsx695C/M/rpza+CTMmk9RSSVaL4pQjq9DidTRimhLLZ45gopm7FZEJ1phYF1DJhRCsv7xJOrVqUK827uuVZi2PowgXcAnXEEADmnAHLWgDgUd4hld485T34r17H6vWgpfPnMMfeJ8/ObKO3Q==</latexit>

adoto sistema
de coordenadas auxiliar
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Cont. …

O procedimento descrito recebe o nome de linearização em torno de um ponto de 
operação. Neste caso, o ponto de operação é o ponto A, no qual podemos expandir
a função f usando as Séries de Taylor, truncando no primeiro termo

f(x) =
1X

n=0

an(x� a)n

<latexit sha1_base64="86ApPVoQKerVDIiUCmZTNPEI6/E=">AAACG3icbVBNS8NAEN34WetX1aOXxSLUgyUpgl6EghePClYLTRsm240ubjZhdyKG0P/hxb/ixYMingQP/hu3tQdtfTDweG+GmXlhKoVB1/1yZmbn5hcWS0vl5ZXVtfXKxualSTLNeIslMtHtEAyXQvEWCpS8nWoOcSj5VXh7MvSv7rg2IlEXmKe8G8O1EpFggFYKKo2odr9Hj6nfFyaVkBvMJS98k8VBoY7dQc8XKsKcQqBq9/uw11ODoFJ16+4IdJp4Y1IlY5wFlQ+/n7As5gqZBGM6nptitwCNgkk+KPuZ4SmwW7jmHUsVxNx0i9FvA7prlT6NEm1LIR2pvycKiI3J49B2xoA3ZtIbiv95nQyjo24hVJohV+xnUZRJigkdBkX7QnOGMrcEmBb2VspuQANDG2fZhuBNvjxNLht176B+eH5QbTbGcZTINtkhNeKRQ9Ikp+SMtAgjD+SJvJBX59F5dt6c95/WGWc8s0X+wPn8BloroPg=</latexit>

an =
f (n)(a)

n!

<latexit sha1_base64="Z7aJCOYPV8M6jhXy1r3DxnjgHxI=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZajAYhacJuCMRGCNhYRjAPSGK4O5lNhszOLjOzQli2sfFXbCwUsfUf7PwbJ49CEw9cOJxzL/fe40WcKe0431ZmbX1jcyu7ndvZ3ds/sA+PmiqMJaENEvJQtj1QlDNBG5ppTtuRpBB4nLa88fXUbz1QqVgo7vQkor0AhoL5jIA2Ut8+hb7A+Ap3fQkk8e+TgiimBSimiThL+3beKTkz4FXiLkgeLVDv21/dQUjigApNOCjVcZ1I9xKQmhFO01w3VjQCMoYh7RgqIKCql8y+SPGFUQbYD6UpofFM/T2RQKDUJPBMZwB6pJa9qfif14m1f9lLmIhiTQWZL/JjjnWIp5HgAZOUaD4xBIhk5lZMRmDy0Ca4nAnBXX55lTTLJbdSqt5W8rXyIo4sOkHnqIBcVEU1dIPqqIEIekTP6BW9WU/Wi/VufcxbM9Zi5hj9gfX5A1cxlyw=</latexit>

�1 = �10 +
d�

diF

���̄
iF
(iF1 � iF10)

<latexit sha1_base64="J+uP158IO/zWnTwsO86+wP4fv0U="></latexit>

�1 = k̄eiF1

<latexit sha1_base64="vdjt8Wl5VngR4nUKdmQkvLh5Fq8=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiSlUDdCQRCXFewDmhAm05t26OTBzEQoIQs3/oobF4q49SPc+TdO2yy09cCFwzn3cu89fsKZVJb1bZQ2Nre2d8q7lb39g8Mj8/ikJ+NUUOjSmMdi4BMJnEXQVUxxGCQCSOhz6PvT67nffwAhWRzdq1kCbkjGEQsYJUpLnll1kgnzbHyFseMTkU1zDzDzshvPzj2zZtWtBfA6sQtSQwU6nvnljGKahhApyomUQ9tKlJsRoRjlkFecVEJC6JSMYahpREKQbrZ4IsfnWhnhIBa6IoUX6u+JjIRSzkJfd4ZETeSqNxf/84apCi7djEVJqiCiy0VByrGK8TwRPGICqOIzTQgVTN+K6YQIQpXOraJDsFdfXie9Rt1u1lt3zVq7UcRRRlV0hi6QjVqojW5RB3URRY/oGb2iN+PJeDHejY9la8koZk7RHxifP9fNlus=</latexit>

k̄e =
d�

diF

���̄
iF

<latexit sha1_base64="Sf3jYaLlG1A3cYD2f2r6G+Wc3lI=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0VwVZNSqBuhKIjLCvYBTQmTyaQdOpmEmYlQYj7Djb/ixoUibrvzb5ymWWjrgYHDOedy5x4vZlQqy/o2SmvrG5tb5e3Kzu7e/oF5eNSVUSIw6eCIRaLvIUkY5aSjqGKkHwuCQo+Rnje5mfu9RyIkjfiDmsZkGKIRpwHFSGnJNS8cD4l0krkEXkEnEAinvhOPaZb61L3NnGs6enLTPEQzLbhm1apZOeAqsQtSBQXarjlz/AgnIeEKMyTlwLZiNUyRUBQzklWcRJIY4QkakYGmHIVEDtP8sAyeacWHQST04wrm6u+JFIVSTkNPJ0OkxnLZm4v/eYNEBZfDlPI4UYTjxaIgYVBFcN4S9KkgWLGpJggLqv8K8RjpdpTusqJLsJdPXiXdes1u1Jr3jWqrXtRRBifgFJwDGzRBC9yBNugADJ7BK3gHH8aL8WZ8Gl+LaMkoZo7BHxizH9lwoOM=</latexit>

J ✓̈ +B✓̇ = k̄eīF laiA

<latexit sha1_base64="EesrOCQZrj7tGFfUgw63wjyMo30=">AAACJnicbVDJSgNBEO1xN25Rj14agyAIYUYEvQguIOIpgolCJgw1nYpp0rPQXSOEYb7Gi7/ixYMi4s1PsbMc4vKg4fV7VdVdL0yVNOS6n87U9Mzs3PzCYmlpeWV1rby+0TBJpgXWRaISfReCQSVjrJMkhXepRohChbdh73zg3z6gNjKJb6ifYiuC+1h2pACyUlA+vvLb7YRyn7pIUPA9fuZP3o+5H4LOe0WQYzGksgguuOLAZXAalCtu1R2C/yXemFTYGLWg/GqniyzCmIQCY5qem1IrB01SKCxKfmYwBdGDe2xaGkOEppUP1yz4jlXavJNoe2LiQ3WyI4fImH4U2soIqGt+ewPxP6+ZUeeolcs4zQhjMXqokylOCR9kxttSoyDVtwSElvavXHRBgyCbbMmG4P1e+S9p7Fe9g+rh9UHlZH8cxwLbYttsl3nskJ2wS1ZjdSbYI3tmr+zNeXJenHfnY1Q65Yx7NtkPOF/fD86ldg==</latexit>

Modelo Linearizado
iF

<latexit sha1_base64="2+jpUMHIcz6DQmA1EWXJs28ws2M=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FQTxWtB/QhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikbeJUM95isYx1N6CGS6F4CwVK3k00p1EgeSeY3Mz9zhPXRsTqEacJ9yM6UiIUjKKVHsTgdlCuuFV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophtd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmlfVb1atX5fqzRqeRxFOINzuAQP6tCAO2hCCxiM4Ble4c2Rzovz7nwsWwtOPnMKf+B8/gATsI2i</latexit>

�

<latexit sha1_base64="dpfddCEW4pntQJMVoSJ3X+GEf+E=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUI8FLx4r2A9oQ9lsN83S3U3Y3Qgh9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777VS2tnd296r7tYPDo+OT+ulZX8epIrRHYh6rYYA15UzSnmGG02GiKBYBp4Ngflf4gyeqNIvlo8kS6gs8kyxkBJtCGicRm9QbbtNdAm0SryQNKNGd1L/G05ikgkpDONZ65LmJ8XOsDCOcLmrjVNMEkzme0ZGlEguq/Xx56wJdWWWKwljZkgYt1d8TORZaZyKwnQKbSK97hfifN0pNeOvnTCapoZKsFoUpRyZGxeNoyhQlhmeWYKKYvRWRCCtMjI2nZkPw1l/eJP2bptdqth9ajU6rjKMKF3AJ1+BBGzpwD13oAYEInuEV3hzhvDjvzseqteKUM+fwB87nDxKOjjs=</latexit>

īF

<latexit sha1_base64="4cY6UJQqptfpyrzYUrUwqXb1efk=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQDwGBPEYwSRKsoTZyWwyZB7LzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXlHBmrO9/e4WNza3tneJuaW//4PCofHzSMSrVhLaJ4ko/RNhQziRtW2Y5fUg0xSLitBtNrud+94lqw5S8t9OEhgKPJIsZwdZJj/0I64zNBjeDcsWv+gugdRLkpAI5WoPyV3+oSCqotIRjY3qBn9gww9oywums1E8NTTCZ4BHtOSqxoCbMFgfP0IVThihW2pW0aKH+nsiwMGYqItcpsB2bVW8u/uf1UhtfhRmTSWqpJMtFccqRVWj+PRoyTYnlU0cw0czdisgYa0ysy6jkQghWX14nnVo1qFcbd/VKs5bHUYQzOIdLCKABTbiFFrSBgIBneIU3T3sv3rv3sWwtePnMKfyB9/kD1eGQZQ==</latexit>

�̄F

<latexit sha1_base64="9VN9eWJ8PbxKhbglLdwrZYBFdWQ=">AAAB83icbVBNS8NAEJ3Ur1q/oh69LBbBU0lKoR4LgnisYD+gCWWz3bRLN5tldyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmRZIzbTzv2yltbe/s7pX3KweHR8cn7ulZV6eZIrRDUp6qfoQ15UzQjmGG075UFCcRp71oervwe09UaZaKRzOTNEzwWLCYEWysFAQRVnkgJ2w+vBu6Va/mLYE2iV+QKhRoD92vYJSSLKHCEI61HvieNGGOlWGE03klyDSVmEzxmA4sFTihOsyXN8/RlVVGKE6VLWHQUv09keNE61kS2c4Em4le9xbif94gM/FNmDMhM0MFWS2KM45MihYBoBFTlBg+swQTxeytiEywwsTYmCo2BH/95U3Srdf8Rq350Ki26kUcZbiAS7gGH5rQgntoQwcISHiGV3hzMufFeXc+Vq0lp5g5hz9wPn8AI9yRtw==</latexit>

A iF1

<latexit sha1_base64="OkicmcaHL+okvbWPFnlPBTlS5vM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR4LgnisYD+gDWGznbZLN5uwuxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzwkRwbVz32ylsbe/s7hX3SweHR8cn5dOzjo5TxbDNYhGrXkg1Ci6xbbgR2EsU0igU2A2ntwu/+4RK81g+mlmCfkTHko84o8ZKXR5kd4E3D8oVt+ouQTaJl5MK5GgF5a/BMGZphNIwQbXue25i/Iwqw5nAeWmQakwom9Ix9i2VNELtZ8tz5+TKKkMyipUtachS/T2R0UjrWRTazoiaiV73FuJ/Xj81oxs/4zJJDUq2WjRKBTExWfxOhlwhM2JmCWWK21sJm1BFmbEJlWwI3vrLm6RTq3r1auOhXmnW8jiKcAGXcA0eNKAJ99CCNjCYwjO8wpuTOC/Ou/Oxai04+cw5/IHz+QP/zY9Q</latexit>

�1

<latexit sha1_base64="v2s18VKQgZ3sqSzKJvYRJzGbxSY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGQDwGvHiMYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vfXmFre2d3r7hfOjg8Oj4pn551jEo1oW2iuNK9CBvKmaRtyyynvURTLCJOu9H0duF3n6g2TMkHO0toKPBYspgRbJ3UGSQTNgyG5Ypf9ZdAmyTISQVytIblr8FIkVRQaQnHxvQDP7FhhrVlhNN5aZAammAyxWPad1RiQU2YLa+doyunjFCstCtp0VL9PZFhYcxMRK5TYDsx695C/M/rpza+CTMmk9RSSVaL4pQjq9DidTRimhLLZ45gopm7FZEJ1phYF1DJhRCsv7xJOrVqUK827uuVZi2PowgXcAnXEEADmnAHLWgDgUd4hld485T34r17H6vWgpfPnMMfeJ8/ObKO3Q==</latexit>

Válido para 
pequenas variações em torno

de A
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Prof. Paulo S. Varoto

SEM 0533 SEM 0232 
Prof. Luiz A. M. Gonçalves


